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ABSTRACT 
Wetland ponds in the Prairie Pothole Region (PPR) of North America are foraging habitat 
for many avian species; however, the PPR is also agriculturally intensive and expansive, 
containing most of the cropland in Canada. Tree Swallows (Tachycineta bicolor), among other 
swallows and martins (Family Hirundinidae), forage over ponds and other aquatic habitats to 
exploit emergent aquatic insects as prey. Swallows may benefit from sources of aquatic insect 
prey, but they may incur costs, such as pesticide exposure, when foraging in landscapes 
dominated by cultivated cropland. I investigated the importance of ponds as foraging areas and a 
factor in insect prey quality for Tree Swallows nesting in prairie agroecosystems. I examined 
breeding female swallows’ foraging habitat selection as well as nestling swallows’ omega-3 
long-chain polyunsaturated fatty acid (LC-PUFA) status and exposure to neonicotinoid 
insecticides – two indicators of nestling diet quality potentially influenced by prairie ponds. 
Based on data from GPS-tagging and a resource selection function (RSF) statistical approach, I 
found that female swallows more strongly selected for ponds relative to terrestrial habitats. There 
was a statistically significant increase in relative selection for ponds with distance from the nest, 
consistent with an energetic trade-off between travelling and use of more profitable foraging 
patches. I used the ratio of eicosapentaenoic acid (EPA, an omega-3 LC-PUFA) to arachidonic 
acid (ARA, an omega-6 LC-PUFA) as a qualitative dietary tracer and indicator of omega-3 LC-
PUFA intake for swallows. Differences between sites in swallow erythrocyte EPA:ARA ratios 
were consistent with possible differences in aquatic insect biomass, unrelated to the presence of 
cropping. Widespread exposure to neonicotinoid insecticides was confirmed via analysis of 
blood plasma from nestling and adult swallows. Swallows on different study sites differed in 
exposure, but nestling plasma concentrations of imidacloprid were not strongly associated with 
amount of cropped area near nests. Nestlings hatched near cultivated cropland had greater 
plasma concentrations of clothianidin, on average, than those on a grassland-dominated site. 
Finally, an increase in nestling erythrocyte EPA:ARA ratio was associated with an increase in 
nestling mass, while no association between plasma total neonicotinoid concentrations and mass 
was detected. These results have implications for the conservation of aerial insectivores and 
suggest the importance of conserving and restoring prairie ponds in agroecosystems to ensure the 
maintenance of biodiversity in the PPR. 
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CHAPTER 1: GENERAL INTRODUCTION 
1.1 Avian Aerial Insectivore Population Trends 
Over the past few decades, several species of North American-breeding birds which 
specialize in feeding on flying insects have experienced population declines in parts of their 
geographic ranges, according to North American Breeding Bird Survey (BBS) data (Nebel et al. 
2010, Sauer et al. 2017). The guild of North American avian aerial insectivores (hereafter, “aerial 
insectivores”) is comprised of flycatchers (Family Tyrannidae), nightjars (Family 
Caprimulgidae), swallows and martins (Family Hirundinidae, hereafter “hirundines”), and swifts 
(Family Apodidae). While all members of this foraging guild depredate insects in flight, two 
general foraging strategies are employed. The hirundines, swifts, and nighthawks 
(Caprimulgidae: Chordeilinae) are “hawkers,” which forage continuously while in flight, while 
the flycatchers and typical nightjars (Caprimulgidae: Caprimulginae) are “salliers,” which 
capture insects on brief flights away from a perch (e.g., Nebel et al. 2010). Foraging strategy 
may exhibit some relationship with population trends (hawkers exhibiting synchronicity distinct 
from salliers), and declines in aerial insectivore populations appear to have been greater among 
long-distance migrants and populations breeding in northeastern North America (Nebel et al. 
2010, Smith et al. 2015, but see Michel et al. 2016). Still, the continent- and guild-wide trend for 
aerial insectivores may have stabilized more recently according to Breeding Bird Survey data 
(Sauer et al. 2017), and it is unclear how North American aerial insectivore populations are 
faring beyond the range of BBS transects. Several hypotheses have been proposed to explain 
population trends among aerial insectivores, including habitat loss, impacts of environmental 
contaminants, acid rain, and climatic changes (Spiller and Dettmers 2019). A common reliance 
on flying insect prey has suggested a hypothesis that declines in certain aerial insectivore 
populations are related to changes among insect populations or availability of insect prey to 
aerial insectivores (Nebel et al. 2010, Spiller and Dettmers 2019). 
1.2 Intensive Cropping Impacts on Insects and Potential to Impact Aerial Insectivores 
Expansion of arable agriculture (crop cultivation) and intensive agricultural practices have 
been implicated as drivers of avian population declines via impacts on insect prey availability, a 
phenomenon well-supported in Europe among some terrestrially-feeding birds on farmland (e.g., 
Benton et al. 2002). There is growing evidence that declines in grassland-breeding birds are, in 
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part, associated with loss of insect prey attributable to indirect effects of pesticides, but also by 
intensified grassland agriculture (Brickle et al. 2000, Benton et al. 2002, Boatman et al. 2004, 
Britschgi et al. 2006, Hart et al. 2006). Hence, it has been suggested that intensive cropping 
practices might impact aerial insectivorous birds by reducing the abundance of insect prey. 
The evidence remains limited that intensive cropping per se affects aerial insectivores via 
reduction in insect prey. Indirect effects of agricultural pesticides (prey reduction) were even 
“provisionally ruled out” for Barn Swallows (Hirundo rustica) in Europe by Boatman et al. 
(2004). To my knowledge, the best evidence that intensively cropped landscapes could be 
associated with lower productivity among any aerial insectivorous species is derived from the 
study system utilized by Ghilain and Bélisle (2008). Ghilain and Bélisle (2008) assessed several 
parameters associated with breeding success of Tree Swallows (Tachycineta bicolor) along a 
gradient of intensive cropping and extensive agriculture (i.e., primarily hayfields and pasture). 
Ghilain and Bélisle (2008) reported that nest box occupancy and clutch size generally decreased 
with increasing proportions of intensive cultures on the landscape; similarly, the number of 
fledglings and probability of fledging increased with the proportion of extensive cultures. In the 
same study system, temporal patterns in abundance (but not biomass) of Diptera and other 
insects differed in intensively cropped landscapes relative to extensive cultures (Paquette et al. 
2013, Bellavance et al. 2018); however, sites characterized by intensive cropping had greater 
Dipteran abundance in some years (Paquette et al. 2013). Still, Paquette et al. (2014) found no 
detectable effect of intensive cropping on adult Tree Swallow body mass, though temporal trends 
(declines in mass) were reported across adult female swallows. Further, Kusack (2018) reported 
positive association between local intensive cropping and Barn Swallow nestling condition, 
though this effect was dampened by pre-fledging and no effect on fledging success was reported. 
Additional work is required to determine whether intensive cropping can influence aerial 
insectivore performance by reducing insect prey availability. 
1.3 Ecological Value of Non-Crop Habitat for Insects and Birds in Agroecosystems 
Patches of non-crop habitat in agroecosystems serve as shelter, breeding areas, and foraging 
habitat for invertebrates and birds, regardless of the overall impact of cropping on insect prey 
availability (e.g., Mineau and Mclaughlin 1996, Benton et al. 2003). Terrestrial, non-crop 
habitats in agroecosystems, such as hedgerows and field margins, tend to have greater abundance 
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and species richness of invertebrates relative to cropped land (Duelli et al. 1999, Thomas and 
Marshall 1999, Grüebler et al. 2008, Knapp and Řezáč 2015). Some bird species which may 
breed in agricultural landscapes, including Barn Swallows, appear to select such semi-natural 
habitats when foraging for insects (Brickle et al. 2000, Evans et al. 2003, Josefsson et al. 2013, 
Ottens et al. 2014). Consequently, the presence of non-crop habitats may enhance avian diversity 
in cropland-dominated landscapes (e.g., Heath et al. 2017). This also suggests that for certain 
farmland-associated birds, the loss of non-crop habitat patches – agricultural expansion – could 
be an important factor driving population trends (and see Quinn et al. 2017, Stanton et al. 2018). 
However, it is critical to recognize that avian responses to non-crop habitat are habitat- and 
species-specific; for instance, grassland-obligate species respond negatively to increases in 
woody vegetation that can benefit other taxa in agricultural landscapes (e.g., Quinn et al. 2012). 
Few studies have assessed benefits of aquatic, as opposed to terrestrial, non-crop habitats for 
insectivorous passerine birds breeding in agricultural landscapes (Davies et al. 2016). 
1.4 Importance of Prey Quality to Hirundines: Aquatic Nutritional Subsidies, 
Contaminant Exposures, and Relationships with Agriculture 
Indirect effects (prey reduction) induced by agricultural practices, such as pesticide 
application, have been demonstrated for terrestrially feeding farmland-associated birds (e.g., 
Boatman et al. 2004). To my knowledge, only one study has reported possible indirect effects of 
pesticides on aerial insectivores, though not in relation to agriculture. Poulin et al. (2010) 
reported that on sites treated with Bacillus thuringiensis israelensis (Bti) for treatment of 
mosquitoes, House Martin (Delichon urbicum, a hirundine) clutch size and number of fledglings 
was lower; this was associated with a dietary shift in nestling House Martins. Nestlings on Bti-
treated sites were fed significantly fewer aquatic Nematoceran Diptera, aquatic dragonflies 
(Odonata), and arachnid (Araneae) predators, while being fed an increased number of 
Hymenopterans (terrestrial flying ants). Poulin et al. (2010) reported that the intake of 
Nematocera, Odonata, and Araneae was positively correlated with breeding success, even on 
sites without Bti treatment. Such findings, among other characterizations of hirundine diets (e.g., 
Johnson and Lombardo 2000), suggest that hirundines, in particular, exhibit dietary “flexibility” 
but may incur costs due to reduction in aquatic prey and, presumably, aquatically-sourced 
nutrients. 
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Twining et al. (2016) found that supplementing Tree Swallow nestling diets with omega-3 
long-chain polyunsaturated fatty acids (LC-PUFA) increased growth rates and mass more than 
different quantities of food in a factorial experiment. Omega-3 LC-PUFA tend to be substantially 
more abundant in aquatic insects than in terrestrial insects – a consequence of omega-3 LC-
PUFA production by aquatic, but not terrestrial, primary producers (Hixson et al. 2015, Twining 
et al. 2017). This suggests a hypothesis that aquatic insect availability could be more important 
than overall insect abundance for breeding Tree Swallow performance. Indeed, Twining et al. 
(2018) found that the annual fledging success of Tree Swallows was strongly associated with 
aquatic, but not terrestrial or total, insect biomass.  
Prior studies have not convincingly demonstrated that intensive cropping drives a reduction 
in insects which indirectly impacts aerial insectivores; even studies assessing the importance of 
insect abundance to swallow reproductive output have reached mixed conclusions (Quinney et 
al. 1986, McCarty and Winkler 1999a, Imlay et al. 2017, McClenaghan et al. 2019b). 
Discrepancies between apparent effects of intensive cropping on insects and swallow 
reproductive output may be attributable to the assumption that total insect abundance is most 
relevant to swallow performance, rather than abundance of certain insect taxa (e.g., aquatic taxa 
per Twining et al. 2018) and proximity of productive foraging areas. For example, the “gradient” 
from extensive agriculture to intensive cropping described by Ghilain and Bélisle (2008) also 
followed a gradient of agricultural drainage, but Ghilain and Bélisle (2008) did not directly 
consider aquatic insect availability. Additionally, the presence or absence of productive aquatic 
habitat (in terms of aquatic insect emergence) is almost certainly more important than spatial 
variation in water cover for foraging Tree Swallows (e.g., McCarty 1997). Some evidence 
suggests that effects on swallows in the study system utilized by Ghilain and Bélisle (2008) 
might be related to reduction in aquatic habitats and aquatic insect prey. Bellavance et al. (2018) 
reported that abundance of aquatic mayflies (Ephemeroptera) in swallow prey boluses was lower 
in more intensively cultivated landscapes. Sufficiency of terrestrial insect traps in characterizing 
“availability” of prey to swallows was also questionable; while mayflies were fairly common in 
Tree Swallow boluses (~20% individual insects), only two individuals were captured in traps 
(Bellavance et al. 2018). It is unlikely this represents only intensive prey selection, but rather 
intensive foraging habitat selection by Tree Swallows; the two mayflies captured in traps were 
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adults, while all mayflies in boluses were subimagoes (poor-flying immature stages which have 
not yet emerged or very recently emerged from water).  
There is, at present, insufficient evidence for indirect effects of agriculture on aerial 
insectivores (i.e., prey reductions via pesticide applications); however, there is also potential for 
direct effects of exposure to agrochemical contaminants among insectivorous birds (e.g., 
Goldstein et al. 1999). Tree Swallows, especially, are in some sense predisposed to exposure to 
contaminants in aquatic environments, given the prevalence of emergent aquatic insects in their 
diets (e.g., Echols et al. 2004, Smits et al. 2005, Maul et al. 2006, Papp et al. 2007, Brasso and 
Cristol 2008). Still, it should be noted that like other hirundines, Tree Swallows do consume 
terrestrial insects; aquatic and terrestrial insects may contribute different contaminants (or 
concentrations thereof) to Tree Swallow diets (McCarty 2001, Smits et al. 2005). Most studies 
assessing contaminant exposure in swallows have focused on contaminants known to present 
deleterious effects on birds at relatively low doses, and several of which can be considered 
legacy contaminants in North America (e.g., dichlorodiphenyltrichloroethane (DDT), 
polychlorinated biphenyls (PCBs)) (and see McCarty 2001). Additional work is needed to assess 
exposures of aerial insectivorous species to agricultural pesticides.  
1.5 Prairie Ponds: Avian Habitat and Agricultural Impact  
The Prairie Pothole Region (PPR) of North America, extending from Iowa, United States to 
Alberta, Canada, contains several million glacially-formed, depressional wetlands (“prairie 
potholes”) which currently receive most water from precipitation, especially snowmelt (Stewart 
and Kantrud 1971, Tiner 2003). Throughout this thesis, I refer to “ponds” (primarily Class I 
through Class V per Stewart and Kantrud 1971) in reference to flooded wetland basins (van der 
Kamp et al. 2016). The grassland-wetland ecosystem characterizing the PPR provides critical 
habitat for grassland birds and birds dependent on ponds of variable permanency. To my 
knowledge, there have been no taxonomically broad assessments of the use of prairie ponds by 
birds, but use of prairie ponds as foraging habitat by a diversity of avian taxa is unambiguous 
(and see Shutler et al. 2000). Representatives of at least 17 different avian families make use of 
ponds as foraging areas during migration or breeding (Elgin, pers. obs.). Likewise, the PPR is 
perhaps the most productive area for breeding waterfowl in North America (Batt et al. 1989). For 
the portion of the PPR of the United States, Skagen et al. (2008) estimated that 7.3 million or 3.9 
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million migratory shorebirds made use of ephemeral ponds during northward or southward 
migration, respectively. While populations of some North American waterfowl have increased 
over the past half-century, populations of species reliant on semi-permanent or ephemeral ponds 
may have experienced declines (NABCI Canada 2012). 
Fertile soils and an open landscape have also made the PPR productive for agriculture. The 
Prairie Provinces of Saskatchewan, Alberta, and Manitoba contain approximately 80% of 
cropland in Canada (NABCI Canada 2012, Statistics Canada 2016). Consequently, there has 
been an estimated loss of 70% of native prairie and 40-70% of associated prairie ponds in 
Canada alone, primarily as a result of agricultural conversion and agricultural drainage, 
respectively (Government of Canada 1991, Watmough and Schmoll 2007, NABCI Canada 
2012). Similarly, historical loss of 60-65% of wetlands basins has been estimated for the portion 
of the PPR within the United States (Dahl 2014). In the PPR, degradation of vegetated pond 
margins, drainage of semi-permanent ponds, and conversion to upland has continued; loss and 
impacts appear most pervasive among semi-permanent or ephemeral ponds (Watmough and 
Schmoll 2007, Bartzen et al. 2010, Dahl 2014). Commensurate with the extent of agricultural 
land use, the Prairies account for approximately 80% of the pesticide use in Canada (Kissinger 
and Rees 2009). Various, primarily agricultural pesticides have been detected in prairie ponds; 
concentrations of these contaminants sometimes exceed thresholds for protection of aquatic 
organisms, many of which serve as prey for birds (Mineau and Mclaughlin 1996, Donald et al. 
1999, 2001, Main et al. 2014, Goldsborough and Crumpton 2016). Agricultural impacts on the 
Prairies – including conversion of native grasslands, the drainage, consolidation, and loss of 
ponds, and widespread pesticide use – have potential to impact bird populations by destroying 
suitable habitat, reducing prey abundance, and possibly via toxicant exposure (NABCI Canada 
2012, Mineau and Whiteside 2013, Gibbons et al. 2015, Sánchez-Bayo et al. 2016). 
Prairie ponds may serve as critical foraging habitat for aerial insectivorous birds breeding in 
agricultural landscapes of the PPR. On sites with prairie ponds, neither overall insect biomass, 
condition of adult or nestling Tree Swallows, nor apparent survival of adult Tree Swallows 
appears to be consistently related to the nature of agricultural practice (grazing or cropping), as 
might be expected if local intensive cropping were a consistent driver of prey reduction for these 
swallows (unpubl. data., see also Michelson 2015, Stanton 2015). Stanton et al. (2016) reported 
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that adult Tree Swallow nest visitation – a good proxy for food delivery (McCarty 2002) – was 
greater on cropland- than grassland-dominated sites with ponds and positively associated with 
insect biomass; this suggests swallow broods on cropland-dominated sites were fed more often. 
Michelson et al. (2018) found that the prevalence of aquatic insects in Tree Swallow diets was 
unaffected by intensive cropping relative to grazing on sites with prairie ponds. Insofar as 
thresholds of prey intake are met for survival, dietary quality (omega-3 LC-PUFA content and/or 
aquatic insect consumption) may be more critical than diet quantity for nestling Tree Swallow 
growth and fledging success (Twining et al. 2016b, 2018). This suggests the presence of 
productive aquatic habitat – more specifically, greater availability of aquatic insects – could be a 
stronger driver of Tree Swallow productivity than terrestrial land use practice (e.g., cropping and 
grazing) in the PPR. 
For prairie ponds, impacts of intensive cropping (including pesticide contamination) on 
insects are probable (e.g., Cavallaro et al. 2019). However, impacts of cropping on insect 
assemblages appear similar to, if not less severe than, impacts of disturbance by grazing 
livestock (Anderson and Voncdracek 1999, Tangen et al. 2003, Campbell et al. 2009, Gleason 
and Rooney 2017). Individual pond characteristics (e.g., pond permanence, presence of fish) 
have been much more consistently associated with aquatic insect assemblages than agricultural 
practice (Tangen et al. 2003, Gleason and Rooney 2018). Responses of aquatic insects to 
disturbance are also complex and taxonomically specific; low-level nutrient inputs and 
vegetation disturbance by agricultural activity even could increase the emergence of certain 
tolerant aquatic insect taxa on which Tree Swallows feed (Gabor et al. 1994, Cavallaro et al. 
2019). 
While swallows can benefit from aquatic insects sourced from ponds as a source of energy 
and nutrients, they may also be exposed to agricultural pesticides in cropland-dominated 
landscapes. The neonicotinoid insecticides are one of many widely used pesticides in the PPR 
and are frequently detected in prairie ponds (Main et al. 2014). Neonicotinoids are a systemic 
insecticide, typically applied as a seed treatment on crops (Tomizawa and Casida 2005). While 
the neonicotinoids act selectively on insects – due in part to greater affinity for the target site 
(nicotinic acetylcholinesterase receptors) in insects (Tomizawa and Casida 2005) – they can 
exert toxic effects on vertebrates (Gibbons et al. 2015). In birds, exposure to sublethal quantities 
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of neonicotinoids is most probable. Still, sublethal effects of neonicotinoid intake, especially 
mass loss due to reduction in feeding, have been reported in several bird species (Lopez-Antia et 
al. 2013, Eng et al. 2017, 2019, Addy-Orduna et al. 2019). While selective against insects, 
neonicotinoids and other agricultural pesticides have been detected in Tree Swallow food boluses 
(Haroune et al. 2015), suggesting that an assessment of swallow exposures to neonicotinoids, 
among other agricultural pesticides in the PPR, is warranted. 
1.6 Tree Swallows as a Study Species 
Tree Swallows are hirundine aerial insectivores which breed across much of North America, 
including in the PPR (Winkler et al. 2011). Tree Swallows will readily breed in nest boxes and 
are tolerant of human interference, making them easy to capture, mark, and track over time 
(Jones 2003). These factors make Tree Swallows a good candidate species for examining 
environmental impacts on hirundines, as well as a “sentinel” species for risks of contaminants 
and other anthropogenic environmental impacts (McCarty 2001, Jones 2003). BBS data suggest 
a loss of approximately 45% of the Tree Swallow population in Canada since 1970 (Environment 
and Climate Change Canada 2017). Interestingly, Tree Swallow populations appear to have 
increased in the Prairie Provinces of Saskatchewan and especially Alberta over the same period 
(Environment and Climate Change Canada 2017). The driver(s) of this increasing population 
trend are unclear and may be partially attributable to increased availability of nest sites, 
especially in the form of nest boxes (and see Houston and Houston 1998). 
The diet of Tree Swallows tends to contain a greater proportion of emergent aquatic insects 
(i.e., those insects with an aquatic juvenile stage which emerge to a terrestrial adult stage) 
relative to terrestrial insects – at least when aquatic insects are available (Winkler et al. 2011). 
Tree Swallows often forage over ponds and other aquatic habitats to exploit emerging aquatic 
insects as prey (Winkler et al. 2011). Tree Swallows also appear responsive to alterations in 
aquatic ecosystems and aquatic insect emergence; for example, Tree Swallows increased their 
“use” of certain individual ponds as foraging areas in response to greater emergent insect 
densities following nutrient additions and removal of fish (McCarty 1997). Changes in Tree 
Swallow nestling diet and lowered reproductive success have been associated with alteration and 
acidification of aquatic ecosystems, most likely related to changes in insect assemblages and/or 
the quality of prey (e.g., calcium content) (Blancher and McNicol 1988, 1991, St. Louis and 
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Barlow 1993). Breeding Tree Swallows appear to be, in some regards, reliant upon “healthy” 
aquatic ecosystems as a source of insect prey, suggesting that aquatic ecosystems act to 
“subsidize” (Polis et al. 2002) swallow diets with aquatically-sourced energy and nutrients. 
1.7 Study Areas 
In 2017 and 2018, I monitored Tree Swallows at five established colonies in southcentral 
Saskatchewan. Two of these colonies, at St. Denis National Wildlife Area (hereafter, “St. 
Denis”) and near the community of Allan Hills (hereafter, “Allan”), were established in areas 
where tame grass and pasture were the dominant land cover within 8-10 quarter sections (1 
quarter section ≈ 0.65 km2) surrounding nest boxes. Some nest boxes at St. Denis were near 
cropland (<50 m). Both grassland sites are characterized by grazing (cattle at Allan; cattle and 
bison at St. Denis), and grazing livestock do reduce terrestrial vegetation structure and can 
visibly alter or remove vegetated pond margins on both sites (Elgin, pers. obs.). Three sites, near 
the community of Burr, town of Colonsay, and city of Humboldt (hereafter, referred to by these 
names) were established in areas where cultivated cropland was the dominant land cover within 
8-10 quarter sections surrounding nest boxes (for initial land cover characterization, see Stanton 
et al. 2016). Crops known to have been present across sites in 2017 and 2018 were canola, peas, 
and wheat (varieties unknown). Roughly one-quarter of boxes at the Colonsay study site were 
next to a small area of pasture (1/8 section or ~0.32 km2). Burr is the most actively drained site, 
with extensive drainage ditches in cropped fields. Humboldt has experienced recent flooding, 
with pond water margins expanding over primarily cropped fields. Beginning in 2016 and 
through 2017, portions of the Humboldt site were also seeded to semi-natural, herbaceous cover 
which was well-established in 2018. 
Given various changes since site establishment, I re-characterized land cover on each 
study site utilized in the main study year (2018) based on Sentinel-2B satellite imagery 
(Copernicus Sentinel data 2018, processed by the European Space Agency (ESA); see Chapter 2 
for a full description of land cover characterization). Table 1.1 displays a summary of land cover 
classification on each study site in the main study year (2018) within 1 km of swallow nest 
boxes. Maps of the study area and each site are provided in Figure 1.1 through Figure 1.6. 
Imagery was derived from Sentinel-2B true color images (Copernicus Sentinel data 2018, 
processed by ESA) and maps were created in QGIS (QGIS Development Team 2018). Imagery 
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was captured just prior to or during crop seeding, such that green areas are non-crop vegetation 
(including but not limited to grassland, trees, and perennial/herbaceous vegetation).  
1.8 Thesis Structure 
The overall objective of my thesis was to investigate the importance of prairie ponds to 
breeding Tree Swallows, especially in relation to agricultural practices in the surrounding 
terrestrial landscape (cropping or grazing). The specific objectives of my research were to: 1) 
assess the importance of prairie ponds as foraging habitat for breeding swallows 2) determine 
whether aquatic insects, sourced from prairie ponds, act as a source of omega-3 LC-PUFA, 
important to swallow growth and development, and 3) to examine pesticide exposure as a 
possible trade-off to foraging in cropland-dominated landscapes.  
In Chapter 2, I aimed to assess Tree Swallows’ use of prairie ponds as foraging areas in 
agricultural landscapes. I examined habitat use by breeding female Tree Swallows on four study 
sites (Burr and Colonsay, characterized by cropping; St. Denis, characterized primarily by 
grassland; and Humboldt, characterized by herbaceous vegetation and cropping). I hypothesized 
that swallows would select most strongly for ponds, especially relative to cropland, but less 
strongly relative to grassland or other non-crop terrestrial habitats. I also examined the 
distribution (abundance and biomass) of insects in different habitat types on these sites in 2017 
and 2018, in addition to the grassland-dominated Allan study site utilized in 2017. I hypothesized 
that spatial variation in insect abundance and biomass would reflect swallow foraging 
preferences, being greatest near ponds, lower in non-crop vegetation, and lowest in cropped 
areas. 
In Chapter 3, I investigated the potential for aquatic insects, sourced from prairie ponds, to 
act as a source of omega-3 LC-PUFA for Tree Swallows, and I examined swallows’ exposure to 
neonicotinoid insecticides as a possible trade-off to foraging in agricultural landscapes. I 
assessed swallows’ omega-3 LC-PUFA status on four study sites (Burr and Colonsay, 
characterized by cropping; St. Denis, characterized primarily by grassland; and Humboldt, 
characterized by herbaceous vegetation and cropping), and I related differences in swallow 
omega-3 LC-PUFA status to differences in aquatic insect biomass across sites. I hypothesized 
that differences among study sites in swallow fatty acid status would reflect differences in the 
availability of aquatic insects on each site, with greater omega-3 LC-PUFA status associated 
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with greater aquatic insect biomass. Likewise, I examined swallow exposure to neonicotinoid 
insecticides, and assessed whether exposure was related to local cropping by comparison across 
study sites. I hypothesized that sites with cropping in the vicinity of nests would have greater 
exposure to neonicotinoid compounds than those on a grassland-dominated site. Finally, I 
assessed whether nestling swallows’ omega-3 LC-PUFA status and exposure to neonicotinoid 
insecticides were associated with positive or negative impacts on nestling mass. 
1.9 Authorship 
Each data chapter of my thesis is written in manuscript style. Therefore, some redundancy is 
present in the introduction and methods for each chapter. I am the primary author of each 
chapter. My co-supervisors, Drs. Bob Clark and Christy Morrissey, procured funding for this 
research and provided guidance on study design and edits for each chapter. I also collected and 
analyzed the data, with contributions for neonicotinoid analyses (LC-MS/MS) from Dr. Chunyan 
Hao and assistance (GC-MS) and guidance on fatty acid analyses from Dr. Paul Jones. 
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TABLES AND FIGURES 
Table 1.1. Summary of land cover (percent cover class) on each study site utilized in 2018. 
Values represent percentage of 10 m raster cell count within a 1000 m buffer around Tree 








Figure 1.1. Map of the study area in southcentral Saskatchewan. Each study site is represented 
by colored diamonds. Contains modified Copernicus Sentinel data 2018, processed by ESA. 
Site Cropland Non-crop Vegetation Ponds (Open Water) 
Colonsay 81% 8% 10% 
Burr 77% 19% 4% 
Humboldt 39% 29% 32% 
St. Denis 15% 67% 18% 
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Figure 1.2. Maps of each study site. a) Allan, grassland-dominated; b) Burr; cropland-dominated 
c) Colonsay, cropland-dominated; d) Humboldt, dominated by cropland and herbaceous 
vegetation; e) St. Denis, grassland-dominated. Red line segments indicate the location of nest 
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PREFACE TO CHAPTER 2 
 Intensive cropping practices can reduce the abundance of terrestrial invertebrates, 
resulting in reduction of prey for certain terrestrially-feeding insectivorous birds. However, the 
presence of non-crop habitats in agricultural landscapes can mitigate these effects by providing a 
source of invertebrate prey to birds breeding in cropland-dominated landscapes. Most studies 
have focused on the importance of terrestrial, non-crop habitat patches to grassland-breeding 
birds. Few have assessed the importance of aquatic habitats to birds breeding in agricultural 
landscapes. The primary objectives of this chapter were to assess 1) relative use of ponds and 
other habitats (habitat selection) by Tree Swallows breeding in prairie agroecosystems and 2) 
relationship of swallow foraging habitat selection to insect prey abundance or biomass in 
different habitats (land cover types, including herbaceous field margins, pond margins, 
grassland, and cropland). I acknowledge Thomas Ramsay for assistance in collection of insects 
and Dr. Lisha Berzins for her assistance in tagging and recapturing swallows. 
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CHAPTER 2: TREE SWALLOW FORAGING IN RELATION TO INSECTS IN 
PRAIRIE AGROECOSYSTEMS 
2.1 ABSTRACT 
On landscapes dominated by intensive crop cultivation, patches of non-crop habitat can 
benefit birds and insects by providing shelter, breeding habitat, and foraging areas. In the Prairie 
Pothole Region, wetland basins (“ponds,” when flooded) may function as such critical habitat on 
landscapes dominated by cultivated cropland. Many aerial insectivores, especially swallows and 
martins (Family Hirundinidae), forage over water to capture insect prey. However, the degree to 
which ponds are selected by swallows relative to other habitats in agricultural landscapes 
remained unclear. Using GPS tags, I evaluated habitat selection and space use by breeding 
female Tree Swallows (Tachycineta bicolor) at sites with terrestrial land-use dominated by tame 
grass and grazing, herbaceous cover, and/or crop cultivation in southcentral Saskatchewan. I 
used sweep-net transects to assess abundance and biomass of flying insects in different habitat 
types (pond margins, herbaceous cover, grassland, and cropped fields) near swallow nests. GPS-
tagged Tree Swallows selected for ponds relative to terrestrial habitats, on average. As expected 
for a central-place forager, swallows were increasingly selective for ponds at greater distance 
from nests. The distance at which swallows were detected from their nests was positively 
associated with daily mean temperature; probability of detection at nests was negatively 
associated with daily mean temperature and nestling age. I confirmed that cropped areas tend to 
have lower total insect abundance than ponds and grassy field margins on sites characterized by 
intensive cropping, while total abundance tended to be more uniform on grassland sites. 
Comparisons based on biomass suggested similar trends, but the difference between ponds and 
cropped uplands did not reach statistical significance in one year. Swallows tended to display 
strong selection for ponds relative to vegetation (primarily grass) as well as cropped areas, in 
slight contrast to prediction and patterns in sweep-net sampled insect abundance or biomass. I 
suggest that terrestrial sampling has not effectively captured prey “availability” to swallows 
given apparent selection for ponds over all terrestrial habitat. Nevertheless, these results 
underscore the importance of protecting and restoring prairie ponds and other aquatic habitats as 
critical foraging areas for swallows and possibly other aerial insectivores. 
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2.2 INTRODUCTION 
Many species of North American-breeding aerial insectivorous birds (hereafter, “aerial 
insectivores”) have experienced population declines in parts of their geographic ranges, though 
range-wide trends have stabilized recently in some species (Nebel et al. 2010, Smith et al. 2015, 
Michel et al. 2016, Sauer et al. 2017). The diversity of aerial insectivore life-histories and 
environmental requirements, combined with their collective reliance on flying insect prey, 
suggest a hypothesis that population trends of aerial insectivores may be related to changes in 
insect prey (Nebel et al. 2010). Expansion and intensification of arable agriculture (crop 
cultivation) have been implicated in population declines of insectivorous birds; the conversion of 
natural habitat to cultivated cropland (hereafter, “cropland”) and intensive agricultural practices 
can cause local declines in invertebrate abundance and changes in invertebrate community 
composition – an apparent contributor to declines of farmland-associated birds (Boatman et al. 
2004, Attwood et al. 2008, Nebel et al. 2010, Stanton et al. 2018). However, incorporation of 
terrestrial, non-crop habitats in agricultural landscapes has demonstrated potential to mitigate 
some adverse impacts of intensive cropping on insects and terrestrially-feeding insectivorous 
birds by providing shelter, breeding areas, and foraging habitat (e.g., Mineau and Mclaughlin 
1996, Evans et al. 2003, but see Frenzel et al. 2016). Few have investigated the importance of 
aquatic habitats for insectivorous passerine birds in agricultural landscapes (Davies et al. 2016). 
The Prairie Pothole Region (PPR) contains critical habitat for grassland birds as well as 
resident and migratory birds reliant on ponds of varying permanency (i.e., ephemeral to 
permanently flooded wetland basins) (Skagen et al. 2008, NABCI Canada 2012); however, the 
PPR also comprises productive agricultural land. In Canada, roughly 80% of cropland is 
concentrated in the Prairie Provinces (Saskatchewan, Alberta, and Manitoba), approximately half 
of which is located in Saskatchewan (Statistics Canada 2016). Consequently, the PPR has 
experienced an estimated loss of 40-70% of wetland basins in Canada (Government of Canada 
1991) and an estimated 60-65% loss in the United States (Dahl 2014), primarily as a result of 
agricultural drainage and conversion to cropland. Drainage of ponds and conversion of wetland 
basins has continued, though accurate quantitative estimates of recent losses are hindered by the 
lack of a wetland “status and trends” monitoring program in Canada (Dahl and Watmough 2007, 
Watmough and Schmoll 2007, Dahl 2014). Temporary ponds in cropland appear to be most at 
risk for both degradation impacts (e.g., destruction of vegetated margins) as well as total loss 
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(Bartzen et al. 2010, Dahl 2014). Populations of some bird species reliant on semi-permanent 
prairie ponds have experienced population declines, underscoring the need for conservation and 
restoration of these habitats (NABCI Canada 2012). 
All North American swallows and martins (Family Hirundinidae) forage over open water – 
including prairie ponds where ranges overlap (Elgin, pers. obs., Rodewald 2015). Tree Swallows 
(Tachycineta bicolor) have been especially well-documented to forage over water bodies to 
capture emerging aquatic insects (St. Louis et al. 1990, McCarty 1997). Aquatic insects are also 
prevalent in the diet of Tree Swallows nesting on sites with prairie ponds, with no differences in 
apparent diet composition from intensive cropping relative to tame grass and pasture (Michelson 
et al. 2018). Twining et al. (2018) reported that aquatic insect biomass, but not total or terrestrial 
insect biomass, had strong, positive effects on Tree Swallow fledging success. Likewise, 
supplementation of nestling Tree Swallow diets with omega-3 long-chain polyunsaturated fatty 
acids – typically more abundant in aquatic than terrestrial insects (Hixson et al. 2015, Twining et 
al. 2017) – enhanced nestling growth more than the quantity of food provisioned (Twining et al. 
2016b). Collectively, these findings suggest that aquatic habitats, such as ponds, act as critical 
foraging areas and a source of nutrient-rich aquatic insects for Tree Swallows. 
Importantly, breeding Tree Swallows, when foraging to provision nestlings, behave as 
central-place foragers (e.g., Orians and Pearson 1979, Schoener 1979); that is, swallows travel 
from a central place (the nest) to capture prey and return to the central place to feed nestlings. By 
extension from the marginal value theorem (Charnov 1976), central-place foraging theory 
predicts that foraging habitat patches located farther from the central place must provide greater 
energy returns (Orians and Pearson 1979). Therefore, selection for more profitable foraging 
habitat – that is, greater use of a given habitat than its availability on the landscape – should 
increase with distance from the central place (e.g., Patenaude-Monette et al. 2014, Heldbjerg et 
al. 2017). An increase in prey load size (and presumably energy content) has been associated 
with greater foraging distances in some swallows (Bryant and Turner 1982), in support of 
breeding swallows’ behavior as central-place foragers. 
I investigated whether prairie ponds function similarly to terrestrial, non-crop habitats for 
terrestrially-feeding birds, serving as foraging areas for breeding Tree Swallows in agricultural 
landscapes. I examined breeding female Tree Swallow habitat selection and space use on sites 
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characterized by cropland, grazed and un-grazed grassland, and/or herbaceous cover. I 
hypothesized that swallows would select for ponds as foraging areas, especially relative to 
cropped areas but less so relative to non-crop vegetation, because ponds and non-crop vegetation 
have greater densities of insect prey than cropland. Since breeding swallows behave as central-
place foragers, I also predicted that selection for ponds would increase with distance from the 
central place (i.e., the nest box). Using sweep-net transects, I assessed insect abundance and 
biomass in field margins, pond margins, and characteristic uplands on sites with differing upland 
land cover and land use. I predicted that non-crop habitats (field margins and pond margins) 
harbor greater insect abundance and biomass than cropped uplands, but on sites dominated by 
grassland or herbaceous cover, different habitats (upland, field margin, or pond margin) would 
have similar insect abundance and biomass. 
2.3 METHODS 
2.3.1 Study Sites and Land Cover Classification 
In 2017 and 2018, I monitored nest boxes at swallow colonies on four sites in southcentral 
Saskatchewan (all sites within ~75 km from each other). Sites were differentiated by dominant 
upland land use practices – grazed and un-grazed grassland (1 grassland site, “St. Denis”), 
cropping (2 cropland sites, “Burr” and “Colonsay”), or cropping alongside uplands seeded to un-
grazed herbaceous cover (1 mixed site, “Humboldt”). Allan (a grassland site) was utilized for 
insect sampling in 2017 but excluded from all analyses in 2018 due to extreme (≳90%) nest 
failure unrelated to the study. 
Land cover data for the study areas were derived from Copernicus Sentinel-2B satellite 
imagery with less than 10% cloud cover captured on 7 June 2018 (Copernicus Sentinel data 
2018, processed by European Space Agency (ESA)). Supervised image classification in ArcMap 
(ArcGIS 10.5, ESRI) was used to classify a composite of the four 10 m spectral bands (B2 (490 
nm), B3 (560 nm), B4 (665 nm) and B8 (842 nm)) into three classes: 1) “cropland” 2) “non-crop 
vegetation,” which incorporated natural or semi-natural vegetation, including but not limited to 
trees, shrubs, and herbaceous cover, and 3) “ponds,” which incorporated open water. Bare 
ground and developed areas (primarily roads) tend to have similar flying insect densities to 
cropped areas (Elgin, pers. obs.), so these land cover classes were combined. Cropland can be 
bare during the early nestling period in this region. This grouping also enabled simultaneous use 
of all data in a single habitat use model, which reduces the likelihood of spurious apparent 
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habitat selection due to spatiotemporal autocorrelation (e.g., perching in trees) and rarity on the 
landscape (e.g., cropped areas on the grassland site and non-crop vegetation on cropland sites). 
The road segment of the National Road Network shapefile for Saskatchewan (Statistics Canada 
2018) was used to classify 10 m on each road as “cropland” bounded on both sides by 10 m of 
“non-crop vegetation,” representative of grassy road margins. Due to slight inaccuracies in the 
roads shapefile, the road additions were not allowed to overlap ponds in the land cover raster. 
Pond areas were partially ground-truthed by mapping pond perimeters with a handheld GPS unit 
(Garmin GPSMAP 64ST, Garmin Ltd., Olathe, Kansas, USA) on two study sites from 30 May to 
5 June 2018.  
2.3.2 Tree Swallow Nest Monitoring 
Beginning in May 2018, nest boxes were checked for occupancy every 2-3 days based on 
nest building. Occupied boxes were checked approximately every other day until clutch 
completion (determined as three consecutive days with no additional laying). Nests with 
complete clutches were checked for hatching near the end of the incubation period (11 days 
following clutch completion at St. Denis or 12 days following clutch completion at all other 
sites). The date when the first nestling was observed was assigned as the hatch date (day zero 
post-hatching or day zero of nestling life); if hatch dates were not directly observed, these were 
estimated post-hatch based on several factors including prior “starring” of eggs (early pipping 
presumed to occur on day prior to hatching), nestling size and feather tract development, and 
number of nestlings hatched. 
2.3.3 GPS Instrumentation and Sampling 
I attached GPS tags (Lotek PinPoint-10, Lotek Wireless Inc, Newmarket, Ontario, Canada; 
attachment mass 1.2 g, ≲6% body mass) to 25 adult female swallows captured at the nest box 
when nestlings were 5-8 days old (13-26 June 2018). Prior to tag attachment, females were 
weighed to the nearest 0.25 g using a Pesola spring scale. I attached tags using a leg-loop harness 
(Rappole and Tipton 1991) of 0.5 mm Stretch Magic jewelry cord (Pepperell Braiding Company, 
Pepperell, Massachusetts, USA), as described by Streby et al. (2015). No tags failed nor were 
any lost to harness failure using this method. Tags were pre-programmed to attempt a GPS fix 
(SWIFT-fix, nominal horizontal accuracy ± 20 m) at 0500 local time on the day following 
attachment and subsequently attempt a fix every ten minutes until 2200 local time. Tagged 
   
20 
   
females were recaptured at the nest box, and tags were removed. Using handheld GPS units 
(Garmin GPSMAP 64ST), I obtained the coordinates of the nest box where tagged females were 
captured. Tags were recovered from eight females at St. Denis, six females at Colonsay, six 
females at Humboldt, and four females at Burr (n = 24); one tagged female was not recaptured.  
2.3.4 Terrestrial Sweep-net Sampling and Taxonomic Identification of Insects 
In 2017 and 2018, standardized sweep-netting was conducted on transects using conical nets 
(Ward’s Professional Insect Net, VWR cat # 470018-488). In 2017, sweep-netting was 
conducted just prior to the period of peak hatching (7-8 June, 2017, “early” sweep period) and 
peak nestling rearing (19 June, 2017, “late” sweep period). In 2018, sweep-netting was 
conducted on each site during the period of peak hatching (9-14 June 2018). Sweep-net samples 
from the Humboldt site in 2017 could not be assigned to clear habitat types due to partial 
conversion of previously cropped areas to herbaceous cover; hence, these data were not formally 
analyzed. In 2018, the Humboldt site was treated as two sub-sites, one with uplands dominated 
by herbaceous cover (“Humboldt Grass”), the other with uplands characterized by cropland 
(“Humboldt Crop”). On each site or sub-site, I conducted the following sweep-net transects: four 
50 or 25 m transects, each separated by at least 50 m, in different habitat types: 1) uplands 
representative of the site (i.e., in tame grass, herbaceous cover, or cropped fields), 2) pond 
margins, within approximately 2 m of ponds (one transect per pond), and 3) field margins of 
non-crop vegetation (primarily grassy road margins). In 2017, effective sample sizes (resulting 
from the pooling of samples or summing of data from the same upland fields) were as follows: 
on cropland sites, 8 field margins, 4 uplands, and 8 pond margins per sweep period and on 
grassland sites, 8 field margins, 4 uplands, and 8 pond margins per sweep period. In 2018, 
effective sample sizes were as follows: on cropland sites, 12 field margins, 6 uplands, and 12 
pond margins and on grassland sites, 8 field margins, 5 uplands, and 8 pond margins. Samples 
were stored in sealed plastic bags, on ice, in the field and subsequently stored at -20°C (2017) or 
-80°C (2018).  
Samples from both years were thawed and identified to order according to dichotomous keys 
in Triplehorn and Johnson (2005). Diptera and Odonata were further sorted to suborder. 
Nematoceran Diptera, Odonata, and Trichoptera were considered aquatic in origin. Brachyceran 
Diptera were considered to represent primarily terrestrial and some aquatic taxa. Remaining taxa 
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were, collectively, considered primarily terrestrial. Damselflies (Odonata: Zygoptera) are a 
regular component of swallow diets on these sites (Elgin, pers. obs.). However, dragonflies 
(Odonata: Anisoptera) are unusual in swallow diets (Quinney and Ankney 1985, McCarty and 
Winkler 1999b), and few were captured (one individual in 2017, none in 2018). Therefore, 
dragonflies, thrips (Thysanoptera, all ≲1mm), wingless individuals (e.g., nymphs, larvae), and 
arachnids were excluded from analyses, as these taxa are typically minor components of swallow 
diets (Winkler et al. 2011) or were incompletely sampled. Individuals unidentifiable to 
order/suborder (degraded samples) and one Hymenopteran which was lost (n = 10 individual 
insects from 7 transects in 2017) were also excluded. Samples were freeze-dried for a minimum 
of 24 h, until dry, and subsequently weighed to obtain dry biomass to the nearest 0.1 mg using an 
analytical balance (Ohaus Explorer Pro, model EP114C, Ohaus Corporation, Pine Brook, NJ, 
USA). 
2.3.5 Data Processing and Analyses 
2.3.5.1 Tree Swallow Habitat Selection 
All data processing and analyses were conducted in R (R Core Team 2018). GPS fixes with 
horizontal dilution of precision (HDOP) values >5 were removed from the sample to increase the 
accuracy of habitat assignment and calculation of distance from the nest box (hereafter, “distance 
from nest”). Distance from nest was calculated and assigned to each GPS fix using the 
“pointDistance” function from the raster package (Hijmans 2017). Fixes obtained during 
apparent roosting were removed for one female detected >3 km from the nest from 
approximately 2130 to 2200 local time. After filtering, 2388 GPS fixes were considered usable; 
median fix count per female was 100 (range: 95-102).  
To assess females’ foraging habitat use, a resource selection function (RSF) approach was 
used under a use-availability design (Boyce et al. 2002, Manly et al. 2002). Habitat selection 
analyses focused on third-order habitat selection (i.e., habitat selection within a presumed daily 
home range) (Johnson 1980). For analyses of habitat selection, all GPS fixes within 20 m 
(nominal horizontal accuracy for the GPS tags) of nests were removed. GPS fixes were re-
projected to match the projection of the land cover raster using function “spTransform” 
(Pebesma and Bivand 2005). A 100% minimum convex polygon (MCP) surrounding GPS fixes 
for each female was generated using the package adehabitatHR (Calenge 2006).  For each 
female, 10,000 random points were generated within the MCP to constitute a sample of 
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availability. A habitat class (cropland, non-crop vegetation, or pond) was assigned to each of the 
remaining GPS fixes (i.e., those remaining after filtering on HDOP and distance from nest; n = 
1592, median by female = 64 (range: 43–88)) and the random points according to the land cover 
raster using the “extract” function from the raster package (Hijmans 2017). After re-projection of 
random points, distance (m) from the respective nest was calculated and assigned to each random 
point using the “pointDistance” function (Pebesma and Bivand 2005, Hijmans 2017). Random 
points <20 m from the respective nest were removed. 
Mixed-effects logistic regression in lme4 (Bates et al. 2015) was used to model the 
probability points would be categorized as used (GPS fixes = 1) or available (random points = 0). 
Fixed effects included habitat (“cropland,” “non-crop vegetation,” or “pond”), distance from 
nest, and their interaction. A random intercept term for female identity was included to account 
for varying ratios of use and availability points across swallows. To account for individual 
variation in selection, random coefficients (uncorrelated with random intercepts) for habitat, 
distance from nest, and their interaction were also included (Gillies et al. 2006). Type-II Wald 
Chi-square tests were conducted as a test of fixed effect significance via package car (Fox and 
Weisberg 2019). Model-estimated marginal means for the trend in distance from nest (on the 
logit scale) by habitat class were compared using Z-tests with Tukey-adjusted p-values via the 
“emtrends” function from package emmeans (Lenth 2018). To assess whether the interpretation 
of habitat selection was dependent on the interaction term, a main effects only model was also fit 
to these data, dropping only the interaction between distance from nest and habitat and the 
corresponding random coefficient term. Model-estimated log-odds ratios between habitat classes 
were tested using Z-tests with Tukey-adjusted p-values in package emmeans (Lenth 2018). 
2.3.5.2 Tree Swallow Nest Attendance and Space Use 
Two modelling approaches were used to assess effects on females’ space use, presumably 
reflective of foraging activity. The first approach considered the probability that females were 
detected either near or away from the nest. When females were within 20 m of the nest, they 
were considered to be at the nest. Mixed-effects logistic regression was used to model the 
probability that females would be at the nest (1) or away (0). The model included effects of daily 
mean temperature, daily total precipitation, maximum daily wind gust speed (“low” ≤30 km/h; 
“high” >30 km/h), site, nestling age (days), and a random intercept term for female identity. The 
second approach considered the distance from nest that females were detected, for fixes >20 m 
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from nests (i.e., the female was not at the nest). A mixed-effect model with gamma-distributed 
errors and an inverse-link function was used to model effects on distances from the nest. The 
model included effects of daily mean temperature, daily total precipitation, maximum daily wind 
gust speed, site, nestling age, and a random intercept term for female identity. Though females 
were tagged at similar stages during brood rearing, nestling age was incorporated to account for 
changes in foraging effort during nestling growth. I detected moderate collinearity and 
confounding of nestling age with mean daily temperature (nestlings on day 6 of life experienced 
high temperatures, while nestlings on day 9 of life experienced low temperatures); effects and 
statistical significance for nestling age in the distance-based model should be interpreted with 
caution. For both approaches, Type II Wald Chi-square tests were conducted as a test of fixed 
effect significance via package car (Fox and Weisberg 2019). 
 Daily mean temperature (°C), daily maximum wind gust speeds (km/h), and daily 
precipitation (mm) were obtained from local weather stations operated by Environment and 
Climate Change Canada in Watrous (WMO ID 71511) or Saskatoon (WMO ID 71496). When 
data were available for both stations, the mean was used in analyses. Because only maximum 
wind gust speeds >30 km/h are reported, daily maximum wind gust speeds ≤30 km/h were 
recoded as “Low” and >30 km/h as “High.” In the one instance of only one station exceeding the 
threshold, the higher value was used. 
In all analyses, the threshold for statistical significance (α) was set at 0.05. To summarize 
the distance from nests of GPS fixes, I used R “type 7” quantiles (R Core Team 2018). I used 
packages ggplot2 (Wickham 2009) and effects (Fox 2003, Fox and Weisberg 2018, 2019) to 
visualize data and model predictions, and I used QGIS to generate maps of GPS fixes (QGIS 
Development Team 2018). 
2.3.5.3 Terrestrial Sweep-Net Insect Abundance and Biomass 
I used a different sweep-net sampling strategy in 2017 and 2018; therefore, sweep-net data 
from each year were analyzed separately. To assess patterns in sweep-net sampled insect 
abundance, function “glmer.nb” from package lme4 (Bates et al. 2015) was used to fit negative 
binomial mixed-effects models to insect count data. Models incorporated fixed effects of habitat 
type (upland, pond margin, or field margin), site type (cropland-dominated or  
grassland-/herbaceous- dominated), sweep period (early or late, 2017 only), and all possible 
interactions, with a random intercept for site and an offset term for the natural log of the transect 
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distance. Offset terms were incorporated to account for different transect distances. The sum of 
counts from the same upland fields was used; hence, transect distance for these pooled counts 
was considered 100 m. For one Brachyceran sample (2017), count data were estimated using a 
linear model incorporating Brachyceran counts as a response and Brachyceran dry biomass as 
predictor. For four degraded Nematoceran samples (2018), counts were estimated using a general 
linear model incorporating Nematoceran counts as a response and Nematoceran dry biomass as 
predictor. Type II Wald Chi-square tests were conducted as a test of fixed effect significance via 
package car (Fox and Weisberg 2019). Model-estimated marginal means were compared using 
Z-tests with Tukey-adjusted p-values via package emmeans (Lenth 2018). 
To assess patterns in sweep-net sampled insect biomass, package lme4 (Bates et al. 2015) 
was used to fit linear mixed-effects models to natural log-plus-one transformed (2017) or natural 
log-transformed biomass data (2018). Models incorporated fixed effects of habitat type (upland, 
pond margin, or field margin), site type (cropland-dominated or grassland-/herbaceous-
dominated), sweep period (early or late, 2017 only), and all possible interactions, with a random 
intercept for site and an offset term for the natural log of the transect distance. Again, the sum of 
biomass from the same upland fields was used, and transect distance for these pooled samples 
was considered to be 100 m. For the model of 2017 biomass data, the homogeneity of variance 
assumption was not satisfied; therefore, p-values from models and model-estimated marginal 
means for 2017 biomass data should be interpreted with caution. Statistical significance was 
assessed using Type II Wald F-tests with the Kenward-Roger degrees of freedom approximation 
via package car (Fox and Weisberg 2019). Model-estimated marginal means were compared 
using t-tests (Kenward-Roger method) and Tukey-adjusted p-values via package emmeans 
(Lenth 2018).  
2.4 RESULTS 
2.4.1 Summary of GPS Data 
Of the 2388 GPS fixes utilized, 33% (n = 796/2388) were within 20 m of the nest, and 67% 
(1592/2388) were away from nests. The maximum distance from nest was 2525 m (HDOP = 0.8, 
Humboldt site). Of the 1592 fixes farther than 20 m from nests (“used” habitat, across all 
swallows), 32.8% were located above cropland, 40.1% were above non-crop vegetation, and 
27.1% were above ponds. Of the random points (“available” habitat) farther than 20 m from 
nests (across all swallows), 41.6% were above cropland, 39.5% were above non-crop vegetation, 
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and 18.9% were above ponds. However, habitat use and availability differed across swallows and 
varied by distance from the nest. Table 2.1 displays the number of tagged females represented on 
each site and the land cover characterization of each study site utilized in 2018. Percentiles of the 
calculated distance from nest for all fixes and fixes assumed to be away from the box are 
presented in Table 2.2.  
2.4.2 Tree Swallow Habitat Selection 
Based on the RSF, there was a statistically significant interaction effect between habitat 
type and distance from the nest (χ2 (2) = 29.52, p < 0.001, Table A1, A2). Comparison of model-
estimated slopes (on the logit scale) suggested that the interaction effect was driven by increasing 
selection for ponds relative to other habitat classes at greater distances from the nest box (Table 
2.3, Figure 2.1, 2.2). While the RSF suggested a decline in the relative probability of use for all 
habitats at greater distances, the slope of decline was steeper for terrestrial habitats than for 
ponds. An RSF incorporating only main effects did not alter qualitative inferences regarding 
foraging habitat selection; the log odds-ratio for selection of ponds relative to other habitats was 
>0, with no statistically significant difference between cropland and non-crop vegetation (Table 
A3).  
2.4.3 Weather, Nestling Age, and Site Effects on Tree Swallow Space Use 
I found statistically significant effects of daily mean temperature (χ2 (1) = 26.50, p < 
0.001) and nestling age (χ2 (1) = 7.12, p = 0.008, Table A4, A5) on probability of females being 
detected at the nest box. Model-predicted probability of detecting females at nests decreased as 
daily mean temperature increased or as nestlings grew older (Figure A1). Effects of precipitation, 
wind gust speed, and site were not statistically significant (p > 0.05).  
I also found a significant effect of daily mean temperature on distance of detections from 
the nest box (χ2 (1) = 5.88, p = 0.015, Table A6, A7). Distance of detections from the nest box 
tended to increase as daily mean temperature increased (Figure A2). Effects of precipitation, 
wind gust speed, site, and nestling age were not statistically significant (p > 0.05).  
2.4.4 Terrestrial Sweep-net Insect Abundance and Biomass 
 The interaction of habitat, site type, and sweep period on 2017 sweep-net sampled insect 
abundance was statistically significant (χ2 (2) = 13.87, p < 0.001, Table A8, A9, Figure 2.3). Post-hoc 
comparisons suggested that a) cropped uplands had lower insect abundance than field margins or pond 
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margins on cropland sites, regardless of sweep period, b) during the early sweep period, cropped 
uplands had lower insect abundance than habitats on grassland sites, and c) field margins on grassland 
sites had greater insect abundance during the early sweep period than did field margins or uplands on 
grassland sites during late sweeps (Table A10). 
The interaction of habitat and site type on 2018 sweep-net sampled insect abundance was 
statistically significant (χ2 (2) = 15.97, p < 0.001, Table A11, A12, Figure 2.4). Post-hoc 
comparisons indicated that cropped uplands had lower insect abundance than all other habitat 
and site type combinations (Table A13).  
The interaction of habitat, site type, and sweep period on 2017 sweep-net sampled insect 
biomass was not statistically significant (F2, 66 = 0.50, p = 0.61, Table A14, A15); however, the 
interaction of habitat and site type on total sweep-net sampled insect biomass was statistically 
significant (F2, 66 = 30.43, p < 0.001, Figure 2.5), as was the main effect of sweep period (F1, 66 = 
8.26, p = 0.01). All non-significant interactions were dropped prior to post-hoc testing (Table 
A16). Post-hoc comparisons suggested that cropped uplands had lower insect biomass than all 
other habitat types and that, on cropland sites, field margins had greater insect biomass than pond 
margins (Table A17). Sweep-net sampled insect biomass was greater in the late period than in 
the early period (Table A18). 
The interaction of habitat and site type on 2018 sweep-net sampled insect biomass was 
statistically significant (F2, 42.02 = 5.01, p = 0.01, Table A19, A20, Figure 2.6). Post-hoc 
comparisons indicated that field margins on cropland sites had greater insect biomass than did 
cropped uplands (Table A21). Table 2.4 provides a summary of sorted insect abundance and 
biomass across years. 
2.5 DISCUSSION 
2.5.1 Swallow Selection for Ponds: Increasing Selectivity with Travelling Distance 
Breeding female Tree Swallows selected for prairie ponds over terrestrial habitats and 
increased their selection for ponds with increasing distance from the nest. The latter pattern is 
consistent with central-place foraging theory; when swallows travel farther, they appear to be 
increasingly selective for more profitable foraging habitats (presumably, ponds with greater 
emergent insect densities). This pattern may represent additional evidence that swallows’ 
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selection for ponds is directly related to foraging efficiency; it is unclear why swallows would 
travel farther than necessary to reach water except to exploit more profitable foraging patches. 
These results are consistent with several recent studies confirming that central-place foraging 
birds tend not only to increase prey/food load size with greater foraging distances, but increase 
habitat selectivity at greater distances from the central place, presumably to take advantage of 
concentrations of prey/food (e.g., Patenaude-Monette et al. 2014, Heldbjerg et al. 2017). 
Previous studies have also found that Tree Swallows capitalize on concentrations of emerging 
aquatic insects in “preference” to foraging over terrestrial habitats (St. Louis et al. 1990, 
McCarty 1997).  
While Tree Swallows appear to be selective for prairie ponds, RSFs did not suggest 
differential selection between other habitat types. Contrary to prediction, I did not detect 
differential selection for vegetation relative to the class of cropland; rather, both RSF approaches 
suggested that swallows select for ponds, with less difference between other habitats. My results 
likely underestimate the use of ponds relative to terrestrial habitats, given the intermittent nature 
of spatiotemporal sampling (one GPS fix every ten minutes). Swallows travelling to and from 
ponds will be detected over terrestrial habitats, but I suspect such errors would be similar across 
land cover types. Nevertheless, if swallows’ use of ponds is related to intake of emerging aquatic 
insects, these results are consistent with previous findings that the predominance of aquatic 
insects in swallow diets is not directly affected by intensive cropping relative to tame grass and 
pasture, when ponds are present (Michelson et al. 2018). This being the case, swallow selection 
for ponds over most terrestrial habitat may align with the apparent differential importance of 
aquatic insects in driving Tree Swallow reproductive output (Twining et al. 2018). 
2.5.2 Drivers of Swallow Space Use 
I also found that Tree Swallows’ presumed foraging activity, based on females being 
away from or farther from the nest box, increased with greater ambient temperatures and nestling 
age. These patterns likely reflect the importance of ambient temperature as a driver of Tree 
Swallow foraging activity, with important consequences for swallow reproductive output; 
increased temperature can drive aquatic insect emergence and insect flight and therefore, 
availability to Tree Swallows (e.g., Winkler et al. 2013). Importantly, because I sampled only 
female swallows, caution should be taken in extrapolating these patterns across the sexes. 
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Temperature-dependent activity may reflect, in part, increased brooding of nestlings in colder 
temperatures, since female swallows are primarily or solely responsible for brooding 
nestlings(Winkler et al. 2011). While statistically significant effects of precipitation or wind gust 
speed were not detected, power to detect such effects was limited by minimal variation in 
precipitation and wind gust speed over the study period. 
I did not detect site effects on either the probability of detection near the nest or distance 
of detections from the nests, suggesting that females were not consistently spending more time 
away from nests on any given site. The lack of site effects is not particularly surprising 
considering the RSF results. Given that ponds are available, female swallows select for ponds 
over cropped or vegetated areas, and none of these swallow colonies was truly “pond-limited” 
(Table 2.1). Further, given that swallows behave as central place foragers, they will presumably 
forage closer to nests, only travelling farther when the benefit of doing so (increased prey 
intake/capture) is equal to or, more likely, outweighs the energetic cost of travelling. This 
suggests a cost of foraging habitat limitation on Tree Swallows (e.g., loss of productive aquatic 
habitat). While some benefits may be gleaned by swallows nesting in more “natural” habitats, the 
weight of evidence suggests that productive ponds are more critical for breeding Tree Swallows 
than terrestrial landscape structure. I acknowledge that tagging itself could affect foraging 
behavior (e.g., duration of foraging) (Bodey et al. 2017), despite that I observed minimal or no 
effect on female mass (data not shown). Still, I suggest that such effects would be similar across 
swallows, and other effects on trip duration would likely be compounded, rather than reduced, by 
tagging. 
2.5.3 Insect Abundance and Biomass: Habitat Differences 
I found that sweep-net sampled insect abundance on cropland sites tended to be greater in 
field margins and pond margins than in cropped uplands. Biomass results suggested similar, if 
less consistent, trends. The data and models indicate a consistent pattern: on cropland sites, 
cropped uplands tended to have lower sweep-net sampled insect abundance than field margins 
and pond margins. Given that cropped and grassland uplands also tended to differ in insect 
abundance, this suggests that crop cultivation drives changes in abundance of sweep-net sampled 
insects among these habitats. However, it remains unclear precisely which factors are driving 
this effect – vegetation structure, loss of suitable habitat, and insect foraging are among possible 
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contributors (Andow 1991, Grüebler et al. 2008). Differences in apparent quantity of insects as 
based on biomass and abundance have also been reported in previous studies of Diptera 
(common prey in Tree Swallow diets) which suggest that intensive cropping may be associated 
with changes in temporal patterns of abundance, but not necessarily biomass of this taxon 
(Paquette et al. 2013, Bellavance et al. 2018). It remains unclear whether total insect biomass or 
abundance represents a more accurate measure of prey availability to swallows, if either measure 
is representative at all. 
I suggest that there are site and year effects, as well as temporal trends, in insect 
abundance and/or biomass representing critical differences which I was not able to directly 
address due to sampling strategy. For example, abundance and biomass data from 2018 suggest 
that the Humboldt site has lower insect densities in pond margins than ponds on other sites. The 
primary accessible ponds for sweep-net sampling at Humboldt are more accurately described as 
shallow lakes which have flooded into previously cropped areas. These larger water bodies tend 
to have lower insect densities than semi-permanent ponds on this site, and swallows are not 
typically observed foraging in these areas (Elgin, pers. obs.). Anecdotally, females at the 
Humboldt site tended to exhibit some of the greatest travelling distances, sometimes visiting 
smaller, presumably more productive ponds, despite the proximity of these large water bodies to 
their nests. Given that Humboldt was excluded from analyses of 2017 insect sampling, this may 
also contribute to differences across years in statistical significance of habitat comparisons. 
2.5.4 Insect Distribution and Tree Swallow Habitat Selection 
Patterns in sweep-net sampled insect abundance and biomass appear generally consistent 
with lower insect abundance in cropped fields. However, these patterns do not support the 
hypothesis that swallows are utilizing ponds solely because they offer greater insect densities 
than other habitats. Despite female swallows’ selection for ponds over non-crop vegetation, I did 
not detect any consistent difference between field margins, grassland uplands, and pond margins 
for sweep-net sampled insect abundance or biomass. I suggest this is, in part, because terrestrial 
sweep-net sampling does not accurately reflect true availability of insect prey to Tree Swallows. 
Tree Swallows likely have reduced access to insects sheltering in vegetation, which are captured 
in sweep-netting, whereas insects emerging from ponds are readily captured by swallows. 
Studies of bats suggest that prey availability is, at minimum, a function of detectability, 
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accessibility, and abundance. While dense vegetation tends to harbor greater concentrations of 
insect prey, it appears to reduce prey accessibility and detectability to aerial insectivorous species 
(Rainho et al. 2010, Almenar et al. 2013). Swallows are also known to forage low over water, 
taking insects just below or actively emerging from pond surfaces, but will also take advantage 
of ephemeral clusters of insects at higher altitudes (up to >600 m) (Cohen and Dymerski 1986, 
McCarty 1997, McCarty and Winkler 1999b, Dreelin et al. 2018). Hence, the spatiotemporal 
distribution of insects taken by foraging Tree Swallows may not be reflected in terrestrial sweep-
net sampling.  
Sweep-net sampling of pond margins also did not capture the emergence of aquatic 
insects. These data suggest that primarily aquatic insects, especially Nematoceran Diptera, were 
concentrated in grassy field margins or grassland (Table 2.4). Considering that Tree Swallows, 
both on these sites and more generally, tend to consume primarily aquatic insects (Winkler et al. 
2011, Michelson et al. 2018), I speculate that swallows select for ponds to take advantage of 
actively emerging aquatic insects as more easily captured and/or higher quality prey. However, I 
cannot rule out the possibility that swallows forage near ponds because they are selective for 
Brachyceran Diptera, as reported by McCarty and Winkler (1999a), which sweep-net data 
suggest are most abundant near pond margins. Future studies should consider the use of 
emergence traps alongside terrestrial sampling when assessing prey availability to swallows, 
with an understanding that aquatic habitats (e.g., individual ponds) are not equal in terms of 
insect emergence. 
2.5.5 Conclusions 
I found that while croplands tended to harbor lower sweep-net sampled insect abundance 
than field and pond margins, Tree Swallows selected for ponds over all terrestrial habitats and 
were increasingly selective at greater distances from their nests. I caution against 
overinterpreting the lack of difference for swallows’ terrestrial habitat selection, as it remains 
unclear how swallows behave in the absence of ponds near nesting locations. Still, results here 
suggest that, for Tree Swallows, terrestrial non-crop habitats do not serve as “replacement” for 
ponds in agroecosystems. Tree Swallows also appear to consistently behave as central-place 
foragers, suggesting there may be limits to compensatory foraging effort; at some distance from 
the nest, the energetic cost of travelling farther will outweigh benefits gleaned by increasing 
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selection for more profitable foraging areas (for swallows, aquatic habitat). Collectively, these 
results underscore the importance of conserving aquatic habitats, such as prairie ponds in 
agricultural landscapes, to provide important foraging areas for breeding Tree Swallows, and 
likely, other aerial insectivores. 
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TABLES AND FIGURES 
Table 2.1. Summary of GPS-tagging sample sizes and land cover on study sites in June 2018 
based on land cover classification of Sentinel-2B imagery (derived from modified Copernicus 
Sentinel data 2018, processed by European Space Agency). Land cover values represent 
percentage of raster cell count within a 1000 m buffer around Tree Swallow nest boxes. 
Site Cropland Non-crop Vegetation Ponds No. Females Tracked 
Colonsay 81% 8% 10% 6 
Burr 77% 19% 4% 4 
Humboldt 39% 29% 32% 6 
St. Denis 15% 67% 18% 8 
 
Table 2.2. Summary of the distance from nest of female swallow GPS fixes. Percentiles were 
calculated on the basis of all 2388 fixes ("All Fixes") or the 1592 fixes considered to be away 
(>20 m) from the nest box ("Fixes Away from Nests"). 
Percentile All Fixes Fixes Away from Nests 
25% 9 m 78 m 
50% 78 m 180 m 
75% 263 m 371 m 
90% 483 m 582 m 
95% 705 m 874 m 
99% 1358 m 1511 m 
 
Table 2.3. Contrasts of model-estimated trends in distance from the nest by habitat type. 
Contrasts represent a comparison of the slope (on the logit scale) of the covariate trend (distance 
from box) for each habitat class derived from the resource selection function. SE, standard error. 
 
  
Contrast Estimate SE Z-ratio p 
Non-crop Vegetation – Cropland -0.19 0.90 -0.21 0.98 
Pond – Cropland 6.16 1.32 4.66 <0.001 
Pond – Non-crop Vegetation 6.35 1.19 5.34 <0.001 
   
33 
   
Table 2.4. Summary table of sweep-net sampled insect abundance and biomass by site type 
(cropland- or grassland/herbaceous-dominated) and habitat (grassy field “margins”, “uplands”, 
or “pond” margins) across years. Values represent arithmetic mean distance-corrected abundance 
or biomass (individuals/m or mg/m) across transects and sweep periods, as applicable, plus or 
minus one standard deviation. Four sites were utilized in 2017, and five sites or sub-sites were 
utilized in 2018. 
 
Cropland Sites Grassland Sites  
2017 Abundance Margin  
(n = 16) 
Upland  
(n = 8) 
Pond 
(n = 16) 
Margin 
(n = 16) 
Upland  
(n = 8) 
Pond 
(n = 16) 
Aquatic Taxa 1.0 ± 0.8 0.0 ± 0.1 0.4 ± 0.5 1.0 ± 1.7 0.9 ± 1.2 0.3 ± 0.2 
Brachyceran Diptera 0.5 ± 0.6 0.1 ± 0.1 0.9 ± 1.2 0.1 ± 0.1 0.1 ± 0.1 0.5 ± 0.5 
Other Taxa  0.4 ± 0.4 0.0 ± 0.0 0.4 ± 0.7 0.1 ± 0.1 0.2 ± 0.1 0.3 ± 0.3 
Total 1.9 ± 1.1 0.1 ± 0.2 1.7 ± 2.2 1.2 ± 1.7 1.1 ± 1.3 1.1 ± 0.8 
2018 Abundance Margin  
(n = 12) 
Upland  
(n = 6) 
Pond 
(n = 12) 
Margin 
(n = 8) 
Upland  
(n = 5) 
Pond 
(n = 8) 
 Aquatic Taxa 6.0 ± 11.3 0.3 ± 0.3 0.5 ± 0.6 2.7 ± 1.6 4.7 ± 6.1 0.5 ± 0.5 
Brachyceran Diptera 0.3 ± 0.2 0.1 ± 0.1 0.9 ± 0.8 0.1 ± 0.1 0.1 ± 0.1 1.4 ± 1.9 
Other Taxa  0.4 ± 0.5 0.0 ± 0.0 0.3 ± 0.5 0.3 ± 0.2 0.3 ± 0.3 2.0 ± 2.7 
Total 6.7 ± 11.6 0.4 ± 0.4 1.7 ± 1.7 3.1 ± 1.5 5.1 ± 6.0 3.9 ± 4.6 
2017 Biomass Margin  
(n = 16) 
Upland  
(n = 8) 
Pond 
(n = 16) 
Margin 
(n = 16) 
Upland  
(n = 8) 
Pond 
(n = 16) 
Aquatic Taxa 5.7 ± 4.3 0.1 ± 0.1 2.0 ± 3.0 1.1 ± 0.9 1.5 ± 1.0 1.6 ± 1.8 
Brachyceran Diptera 1.1 ± 1.4 0.2 ± 0.3 2.0 ± 2.5 0.2 ± 0.2 0.2 ± 0.2 1.5 ± 2.1 
Other Taxa 1.7 ± 1.9 0.0 ± 0.0 1.0 ± 1.3 0.6 ± 1.7 0.9 ± 0.7 0.7 ± 0.7 
Total 8.5 ± 3.4 0.3 ± 0.3 5.0 ± 4.7 1.9 ± 1.8 2.6 ± 1.4 3.9 ± 3.1 
2018 Biomass Margin  
(n = 12) 
Upland  
(n = 6) 
Pond 
(n = 12) 
Margin 
(n = 8) 
Upland  
(n = 5) 
Pond 
(n = 8) 
Aquatic Taxa 12.1 ± 27.1 0.3 ± 0.3 0.7 ± 0.9 3.1 ± 1.8 6.1 ± 6.8 1.0 ± 1.2 
Brachyceran Diptera 0.7 ± 0.6 0.2 ± 0.1 2.0 ± 2.0 0.4 ± 0.4 0.3 ± 0.2 3.5 ± 5 
Other Taxa  1.8 ± 2.3 0.1 ± 0.1 0.9 ± 1.6 0.9 ± 0.6 0.6 ± 0.7 2.8 ± 3.8 
Total 14.5 ± 27.6 0.5 ± 0.5 3.6 ± 4.1 4.3 ± 1.4 7.0 ± 6.7 7.3 ± 9.2 
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Figure 2.1. Locational fixes for two breeding female Tree Swallows overlain on Sentinel-2B 
true color imagery (contains modified Copernicus Sentinel Data 2018, processed by ESA). Left 
(a), fixes from a swallow breeding at St. Denis (grassland-dominated site). Right (b), fixes from 
a swallow breeding at Colonsay (cropland-dominated site). Green diamonds represent GPS fixes, 
with green lines connecting consecutive fixes. 
 
Figure 2.2. Model predictions from the resource selection function. Relative probability of use 
(given equal availability) is indicated along the y-axis and distance from the nest on the x-axis. 
Habitat types (cropland, non-crop vegetation, or ponds) are color-coded, and shaded areas 
represent 95% confidence intervals. The x-axis has been truncated at 1 km. 
b a 
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Figure 2.3. Bar chart of arithmetic mean insect count/m by site type (cropland- or grassland-
dominated), habitat (grassy field “margins,” “uplands,” or “pond” margins) and sweep period 
(early or late) in 2017. Error bars represent one standard error of the mean. Datapoints are color-
coded by site (Col, Colonsay; SD, St. Denis). Significant pairwise comparisons of model-
estimated marginal means (p < 0.05) are indicated by differing letters. 
 
Figure 2.4. Bar chart of arithmetic mean insect count/m by site type (cropland- or grassland-
/herbaceous-dominated) and habitat (grassy field “margins,” “uplands,” or “pond” margins) in 
2018. Error bars represent one standard error of the mean. Datapoints are color-coded by site 
(Col, Colonsay; SD, St. Denis). Significant pairwise comparisons of model-estimated marginal 
means (p < 0.05) are indicated by differing letters.  
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Figure 2.5. Tukey box plot of sweep-net insect biomass ((mg+1)/meter, log10 scale) by site type 
(cropland- or grassland-dominated) and habitat (grassy field “margins,” “uplands,” or “pond” 
margins) in 2017. Datapoints are color-coded by site (Col, Colonsay; SD, St. Denis). Significant 




Figure 2.6. Tukey box plot of sweep-net insect biomass (mg/meter, log10 scale) by site type 
(cropland- or grassland-/herbaceous-dominated) and habitat (grassy field “margins,” “uplands,” 
or “pond” margins) in 2018. Datapoints are color-coded by site (Col, Colonsay; SD, St. Denis). 
Significant pairwise comparisons of model-estimated marginal means (p < 0.05) are indicated by 
differing letters.  
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PREFACE TO CHAPTER 3 
Recent experimental and observational work has suggested the importance of insect prey 
quality (energy and/or macro-/micro-nutrient composition) to aerial insectivores. Several studies 
have suggested that aquatic insects and associated nutritional subsidies such as omega-3 long-
chain polyunsaturated fatty acids are beneficial to breeding Tree Swallows. There are few 
published assessments of the nutritional status of swallows or other aerial insectivores in a field 
setting. The objectives of this chapter were to 1) characterize differences in diet quality (aquatic 
subsidies of omega-3 long-chain polyunsaturated fatty acids and exposure to neonicotinoid 
insecticides) for Tree Swallows nesting in prairie agroecosystems and 2) test for positive and 
negative impacts on nestling swallow growth in relation to omega-3 long-chain polyunsaturated 
fatty acid status and neonicotinoid exposure. Dr. Chunyan Hao contributed to plasma analysis of 
neonicotinoids and Dr. Paul Jones contributed to analyses of fatty acids in insects and swallow 
erythrocyte samples. 
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CHAPTER 3: CONTRASTING NESTLING DIET QUALITY IN AGROECOSYSTEMS: 
FATTY ACID STATUS AND EXPOSURE TO NEONICOTINOID INSECTICIDES 
3.1 ABSTRACT 
Emergent aquatic insects are an energy and nutrient source for Tree Swallows 
(Tachycineta bicolor) which exposes swallows to contaminants sourced from aquatic 
ecosystems, though terrestrial insects can also act as a source of contaminants in swallow diets. I 
investigated the potential for aquatic insects to serve as a source of omega-3 long-chain 
polyunsaturated fatty acids (LC-PUFA) for Tree Swallows nesting in prairie agroecosystems. I 
also examined exposure to neonicotinoid insecticides. I confirmed that emergent aquatic insects 
could serve as an important source for omega-3 LC-PUFA eicospentaenoic acid in swallow diets. 
I found that nestling Tree Swallow fatty acid status differed among study sites, consistent with 
apparent differences across sites in sampled biomass of emergent aquatic insects. All swallows 
were also exposed to neonicotinoid insecticides, primarily imidacloprid, but also clothianidin and 
one detection of thiamethoxam. While nestling swallow exposure to neonicotinoid compounds 
appeared to differ among sites, imidacloprid exposure in nestlings was not consistently related to 
the prevalence of local cropping. Nestlings on a grassland-dominated site tended to have lower 
plasma concentrations of clothianidin than nestlings at sites characterized by cropping near nests. 
Finally, swallow omega-3 LC-PUFA status was associated with an increase in nestling mass, 
while association between plasma neonicotinoids and nestling mass was not detected. These 
results illustrate the importance of aquatic ecosystems, such as prairie ponds, to providing an 
energy and/or nutrient resource to Tree Swallows, though insectivorous birds may also be 
exposed to agricultural pesticides consequent to foraging in cropland-dominated landscapes. 
3.2 INTRODUCTION 
Aquatic and terrestrial food webs are linked by transfers of nutrients and energy; such 
transfers across habitat boundaries, known as spatial subsidies, can contribute substantially to 
energy intake among aquatic and terrestrial organisms (Nakano and Murakami 2001, Polis et al. 
2002, Schindler and Smits 2017). The export of energy and nutrients from aquatic prey to 
terrestrial predators is well-documented, and perhaps the most widely studied example is that of 
emergent aquatic insects (Schindler and Smits 2017). Emergent aquatic insects accumulate 
nutrients and energy during aquatic juvenile stages and export these resources to terrestrial 
habitats and consumers on emergence as winged adults (Nakano and Murakami 2001, Krell et al. 
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2015, Schindler and Smits 2017). Among birds consuming emergent aquatic insect prey are 
swallows, including Tree Swallows (Tachycineta bicolor), with most of the diet of adult and 
nestling Tree Swallows consisting of aquatic insects, where available (Winkler et al. 2011). 
According to North American Breeding Bird Survey (BBS) data, many aerial 
insectivores, including Tree Swallows, have experienced population declines in parts of their 
geographic ranges (Sauer et al. 2017, Smith et al. 2015, Michel et al. 2016, Nebel et al. 2010). 
Aerial insectivores’ common reliance on insect prey has suggested a hypothesis that population 
trends are related to changes in insects (Nebel et al. 2010); still, the evidence that total insect 
abundance contributes to reproductive success and/or survival of aerial insectivores is ambiguous 
(Quinney et al. 1986, McCarty and Winkler 1999a, Imlay et al. 2017, McClenaghan et al. 
2019a). Recent work suggests that changes in diet quality or composition – as may result from 
changes in the composition of insect assemblages – may be an important driver of aerial 
insectivore reproductive success and/or survival (Nocera et al. 2012, Pomfret et al. 2015, 
Twining et al. 2016b, 2018, English et al. 2018). 
Consistent with observations in other regions, Tree Swallows breeding in the Prairie 
Pothole Region (PPR) of North America tend to consume primarily aquatic insects where 
available (Michelson et al. 2018). In the PPR, aquatic insects in swallow diets can be derived 
from prairie ponds (Winkler et al. 2011, Wrubleski and Ross 2011, Michelson et al. 2018). 
Consequently, agricultural impacts on ponds, especially loss or consolidation via drainage, can 
impact aquatic insect populations (Wrubleski and Ross 2011), and thereby reduce the availability 
of aquatic nutritional subsidies to terrestrial predators, such as swallows. While Tree Swallows 
tend to consume primarily aquatic insects when available, they exhibit dietary flexibility and will 
consume terrestrial insect taxa (Quinney and Ankney 1985, Johnson and Lombardo 2000, 
Mengelkoch et al. 2004, Michelson et al. 2018). Therefore, in the absence of aquatic habitats 
(and consequently, emergent aquatic insects), adult swallows may exhibit a dietary “switch” to 
consuming and provisioning their nestlings with terrestrial insects (e.g., Johnson and Lombardo 
2000). 
 Twining et al. (2016) reported that supplementation of nestling Tree Swallow diets with 
omega-3 long-chain polyunsaturated fatty acids (LC-PUFA) enhanced nestling growth and 
immunocompetence relative to nestlings supplemented only with the precursor α-linolenic acid 
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(ALA), and inclusion of omega-3 LC-PUFA in diets appeared to be more important than total 
dietary quantities fed to nestlings. The omega-3 and omega-6 polyunsaturated fatty acids 
(PUFA) are essential nutrients for all vertebrates studied, including birds, as they are required for 
normal development and cellular function but cannot be synthesized de novo. Generally, 
vertebrates can synthesize the more physiologically active omega-3 or omega-6 LC-PUFA 
(eicosapentaenoic and docosahexaenoic acids, EPA and DHA or arachidonic acid, ARA, 
respectively) from “short-chain” PUFA precursors (ALA or linoleic acid (LA), respectively), 
though some carnivorous species appear to have lost this ability (Simopoulos 1991, Sargent et al. 
1995) (See Figure 3.1 for a simplified diagram of “short chain” precursor to LC-PUFA 
conversion). Even in those species capable of this conversion, dietary LC-PUFA appears 
beneficial, as conversion efficiency tends to be limited (Sargent et al. 1995). 
Omega-3 LC-PUFA are produced in abundance by certain aquatic primary producers 
such as diatoms, cryptophytes, and dinophytes, but not terrestrial plants; as a consequence, there 
is a decline in concentration of omega-3 LC-PUFA in animal tissues with a dietary shift from 
aquatic to terrestrial components (Brett and Müller-Navarra 1997, Gladyshev et al. 2009, 2013, 
Hixson et al. 2015). Consistent with other animals, aquatic insects tend to contain omega-3 LC-
PUFA, especially EPA, while terrestrial insects tend to contain lower quantities of these fatty 
acids (Ghioni et al. 1996, Makhutova et al. 2011, Gladyshev et al. 2013, Hixson et al. 2015, 
Martin-Creuzburg et al. 2017, Twining et al. 2017, 2019). Terrestrial insects, while generally low 
in omega-3 LC-PUFA, do contain omega-6 LC-PUFA, perhaps especially ARA (Stanley‐
Samuelson et al. 1988, Fontaneto et al. 2011, Hixson et al. 2016). While there are several 
estimates of aquatic insect export of LC-PUFAs to terrestrial ecosystems (Gladyshev et al. 2009, 
Martin-Creuzburg et al. 2017, Popova et al. 2017), few have directly assessed the importance of 
aquatic insects as an LC-PUFA subsidy in terrestrial food webs (Schindler and Smits 2017, but 
see Fritz et al. 2017, Twining et al. 2019).  
 Twining et al. (2017) further investigated the efficiency with which nestling Tree 
Swallows convert ALA to omega-3 LC-PUFA DHA and EPA. Twining et al. (2017) estimated 
that Tree Swallows might derive more total DHA from ALA in moths and butterflies 
(Lepidoptera) or bees (Hymenoptera: Apidae) than from other taxa, but more total EPA could be 
derived from aquatic insects. However, the former conclusion requires validation, as Twining et 
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al. (2017) were unable to determine whether DHA was derived from the EPA present in aquatic 
insects (cf. Figure 3.1); likewise, these terrestrial taxa are uncommon in swallow diets (Winkler 
et al. 2011). Growth and mass of offspring have been positively associated with survival and/or 
recruitment into breeding populations for many passerines, including Tree Swallows (e.g., 
Shutler et al. 2006). The findings of Twining et al. (2016b) suggest that Tree Swallow nestling 
intake of aquatic insects, presumably related to omega-3 LC-PUFA intake, could improve 
nestling condition and ultimately enhance recruitment into breeding populations. Indeed, 
Twining et al. (2018) reported that aquatic insect biomass, though not terrestrial or total insect 
biomass, had strong, positive effects on Tree Swallow fledging success. 
While emergent aquatic insects provide energy and nutrient subsidies to terrestrial food 
webs, much recent work has also focused on the potential for aquatic insects to export 
contaminants from aquatic to terrestrial environments (Sullivan and Rodewald 2012). Export or 
trophic transfer of numerous contaminants, including mercury, polychlorinated biphenyls 
(PCBs), and trace metals from emergent aquatic insects to Tree Swallows is well-documented 
(McCarty 2001, Echols et al. 2004, Smits et al. 2005, Maul et al. 2006, Papp et al. 2007, Brasso 
and Cristol 2008); however, terrestrial insect prey may also contribute different contaminants to 
swallow diets (e.g., Smits et al. 2005).   
Potential for contamination of prairie ponds with various, primarily agricultural, pesticides 
is well-established (Donald et al. 1999, 2005, Friesen-Pankratz 2004, Main et al. 2014). Among 
the most well-studied, recent agrochemical contaminants of prairie ponds are the neonicotinoids, 
a class of systemic insecticides often used as seed treatments for crops grown in the Prairies 
(Main et al. 2014, 2015). Neonicotinoids are presumably also widespread in prairie soils, though 
I am not aware of formal assessments of neonicotinoid soil concentrations, generally (but see 
Main et al. 2016). Considering there is no mechanism for juvenile stages of soil-dwelling or 
aquatic insects to avoid exposure from the surrounding medium, this may make them, among 
non-target species, especially prone to exposure to neonicotinoids and other pesticides (Pisa et al. 
2014). Notwithstanding limited bioaccumulation potential (Tomizawa and Casida 2005), 
neonicotinoids accumulate to some degree in insect tissues (e.g., Camp and Buchwalter 2016). 
Indeed, neonicotinoids and other agricultural pesticides have previously been detected in Tree 
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Swallow food boluses (Haroune et al. 2015), suggesting the possible transfer of these 
insecticides to insectivorous birds. 
I investigated the potential for aquatic insects, sourced from prairie ponds, to provide an 
omega-3 LC-PUFA subsidy to nestling Tree Swallows in prairie agroecosystems. Given 
widespread presence of neonicotinoids in prairie ponds (Main et al. 2014) and presence in some 
Tree Swallow diets (Haroune et al. 2015), I also more directly examined swallow exposure to 
neonicotinoid insecticides via analysis of blood plasma. Finally, I examined whether nestling 
mass was related to omega-3 LC-PUFA status or neonicotinoid exposure, as a preliminary 
indicator of positive and negative impacts of nutrient and contaminant intake.  
3.3 METHODS 
3.3.1 Study Sites 
In 2018, I monitored nest boxes at four swallow colonies in southcentral Saskatchewan. 
Sites were characterized by different land use practices – grazed and un-grazed grassland (1 
grassland site, “St. Denis”), crop cultivation (2 cropland sites, “Burr” and “Colonsay”), or crop 
cultivation alongside uplands seeded to un-grazed herbaceous cover (1 mixed site, “Humboldt”). 
Allan (a grazed grassland site) was utilized for insect sampling in 2017, but this colony was not 
studied in 2018 due to high nest failure unrelated to the study.  
3.3.2 Tree Swallow Nest Monitoring 
Beginning in May 2018, nest boxes were checked for occupancy and egg-laying every 2-
3 days. Near the end of the incubation period, nests with complete clutches were checked daily 
for hatching. The date when the first nestling was observed was assigned as the hatch date (day 
zero). The number of nestlings hatched was considered the brood size where possible; otherwise, 
brood size was considered to be the number of nestlings next observed. 
3.3.3 Sample Collection and Processing 
On day 12 post-hatching, we collected blood samples from two nestlings (pseudo-
randomly selected, excluding runts) in 12 broods on each study site (n = 48 broods). Blood 
samples were collected by venipuncture of the basilic (“wing”) vein using a 27- or 28-gauge 
needle. Blood samples were collected in heparinized tubes and pooled by nest in a single 
microcentrifuge tube, which was stored on ice in the field. At this time, nestlings were banded 
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and measured. Mass was obtained to the nearest 0.25g using a Pesola spring-scale. Head-bill 
length was measured to the nearest 0.01 mm with dial calipers. Unflattened right wing chord and 
right ninth primary lengths were measured to the nearest 0.5 mm using a wing rule. 
Blood samples were later centrifuged (on day of collection) for 10 min. at 1000 RCF to 
separate plasma and cells (primarily red blood cells – erythrocytes). Plasma was isolated and 
stored at -80°C. Erythrocytes were twice rinsed with 200 µL phosphate-buffered saline and 
centrifuged for five min. at 1000 RCF. Then, 2 µL butylated hydroxytoluene (BHT) in methanol 
(500 mg/L) was added to erythrocyte samples as an antioxidant, and samples were stored at  
-80°C. Plasma samples from adult swallows were also obtained as part of another study and were 
treated in the same manner as nestling plasma samples. 
On each study site, 1 liter water samples were also collected from 4 to 5 select ponds 
utilized for another study during the last two weeks of June 2018. The number of detections and 
maximum concentrations are reported as a general indicator of the presence of these compounds 
in ponds across sites. However, these values should not be considered an indicator for each site 
given limited sampling and high variation in concentrations and detections of these compounds 
across ponds. 
3.3.4 Insect Taxonomic Sorting and Biomass Data 
To assess possible contribution of different insect taxa to the fatty acid status of 
swallows, I utilized samples of insects from systematic sweep-net transects conducted in 2017 as 
part of another study (see Chapter 2). Though insect fatty acid data are derived from a different 
sampling year than swallow data, I consider it unlikely that patterns of interest in LC-PUFA 
(relative comparisons across taxa) would exhibit substantial year-to-year variation. Insect 
samples were stored at -20°C. Because LC-PUFA are particularly susceptible to autoxidation, 
even at -20°C (Metherel and Stark 2016, Rudy et al. 2016, Brenna et al. 2018), these data are 
intended to represent only relative fatty acid composition of insect taxa. Samples were also 
temporarily thawed and identified to order according to Triplehorn and Johnson (2005). Diptera 
and Odonata were further sorted to suborder. Nematoceran Diptera were considered to be 
primarily aquatic in origin, while Brachyceran Diptera were considered to represent a mixture of 
primarily terrestrial and some aquatic taxa. Other identified taxa were considered primarily 
terrestrial. Dragonflies, thrips (Thysanoptera, all ≲1mm), wingless individuals (including 
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nymphs and larvae), and non-insect taxa were excluded, as these are typically minor components 
of or absent from swallow diets (Winkler et al. 2011). Prior to fatty acids analysis, samples were 
pooled by taxon and site; certain taxa were pooled across sites as necessary based on sample 
availability. Pooled Trichopteran samples were derived from the Allan, Colonsay, and Humboldt 
sites. Hemiptera were pooled across all sites, with Humboldt more heavily represented by 
biomass. Lepidoptera were pooled across all sites, with Burr more heavily represented by 
biomass.  
Total biomass for sorted taxa in 2018 is presented as an indicator of the insect prey 
assemblage on each study site; the same biomass data were previously analyzed in a different 
context (see Chapter 2). Biomass data were derived from sweep-net transects in different habitat 
types (cropland or uplands characterized by non-crop vegetation, field margins, or pond 
margins), but sampling effort was the same across sites. Transects were conducted during the 
period of peak nestling hatching (9-14 June 2018). I assume sweep-net sampled insect biomass is 
a proxy of availability of insects on these study sites during the nestling period. The Humboldt 
site was characterized by both herbaceous cover and cropland in the vicinity of nest boxes and 
was therefore treated as two sub-sites – referred to as “Humboldt Grass” and “Humboldt Crop,” 
respectively. 
3.3.5 Analytical Methods 
3.3.5.1 Fatty Acid Extraction and Analyses 
Fatty acids in erythrocyte and insect samples were transmethylated and extracted by a 
modified one-step method of Garcés and Mancha (1993), described below. Erythrocytes reflect 
long-term dietary fatty acid intake (for nestlings, presumably an aggregated measure over days of 
life) while plasma reflects recent intake (hours to days)(Arab 2003, Heinze et al. 2012).  
When possible based on sample availability, fatty acids were transmethylated and 
extracted from pooled insect samples in duplicate or triplicate. Pooled insect samples were 
homogenized using a mortar and pestle, and sample was transferred to tubes prior to reagent 
addition. A target mass of 50.0 mg was utilized; four samples were <50 mg (28.6 to 41.1 mg). 
Prior to fatty acid extraction, 100 µL reverse osmosis water was added to ~50 µL thawed 
erythrocyte samples, mixed, and 100 µL was transferred to tubes for fatty acid extraction.  
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Fatty acids were transmethylated and extracted from insect and erythrocyte samples using 
15mL Kimble KIMAX conical-bottom glass centrifuge tubes (DWK Life Sciences, No. 
K7378515) lined with PTFE thread seal tape to prevent reagent evaporation, with phenolic 
PTFE-faced caps (DWK Life Sciences, No. K7380215415). 1.45 mL n-Heptane containing 100 
mg/L BHT and 3.55 mL of reagent mixture (methanol:toluene:2,2-dimethoxypropane:H2SO4, 
39:20:10:2 by volume) were transferred to tubes. Tubes were capped, sample and reagent mixed, 
and transferred to a heated water bath at 80°C. After five minutes heating, tubes were removed, 
mixed to form a single phase, and returned to the heated water bath. After 2 hours heating, tubes 
were removed and thoroughly mixed again. To improve phase separation, 2 mL saturated NaCl 
solution was added and mixed, and tubes were centrifuged at 500 RCF for 5 minutes. The upper 
organic layer containing fatty acid methyl esters (FAMEs) was then transferred to GC vials and 
stored at -80°C. 
FAMEs were identified using GC-MS. Because substantial information on conversion 
efficiencies and deposition of fatty acids among tissues is required, the use of fatty acids as a 
quantitative dietary tracer in swallows is not currently possible (and see Jardine et al. 2015, 
Twining et al. 2016a). Therefore, I used the ratio of eicosapentaenoic acid (an omega-3 LC-
PUFA) to arachidonic acid (an omega-6 LC-PUFA) chromatogram peak area as a proxy for 
omega-3 LC-PUFA composition and contribution of aquatic and terrestrial components to insect 
and swallow diets. Chromatogram peaks for EPA and ARA FAMEs were identified for an 
external standard (Supelco 37-component FAME mix, CRM47885, Sigma-Aldrich) using 
Thermo Scientific Xcalibur version 4.1.31.9 (Thermo Fisher Scientific, Inc.) in tandem with 
NIST MS Search (National Institute of Standards and Technology Mass Spectral Search Program 
and Library System). EPA and ARA peaks were identified in samples by comparison of 
retention times to identified standard peaks, and peak areas were determined. Samples were 
dropped if EPA or ARA peaks had a signal-to-noise ratio <1 (n = 3 nestling samples) or if either 
peak was not detected. 
3.3.5.2 Neonicotinoid Analyses 
Nestling plasma pools (20 to 50 µL, n = 43 nestling, n = 13 adult) were screened for 
neonicotinoids (acetamiprid, clothianidin, imidacloprid, nitenpyram, thiacloprid, and 
thiamethoxam, as well as flonicamid and neonicotinoid metabolite 6-chloronicotinic acid (6-
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CNA)) using an LC-MS/MS method described by Hao et al. (2018). Volumes of plasma were 50, 
40, 25, or 20 µL. Method detection limits (MDLs) were as follows: 6-CNA, 177.7 ng/L; 
acetamiprid, 3.6 ng/L; clothianidin, 7.4 ng/L; flonicamid, 15.9 ng/L; imidacloprid, 4.6 ng/L; 
nitenpyram, 8.8 ng/L; thiacloprid, 2.3 ng/L; thiamethoxam, 4.5 ng/L. All compounds, excepting 
thiamethoxam, were <MDL in plasma blanks (n = 4) derived from captive European Starlings 
(Sturnus vulgaris) plasma pools; thiamethoxam was present in these samples at an average 
concentration of 370.7 ng/L, presumably derived from a commercial seed mix diet. Average 
recoveries of spiked samples (n = 8) were as follows: 6-CNA, 101.0%; acetamiprid, 106.5%; 
clothianidin, 110.5%; flonicamid, 93.2%; imidacloprid, 114.3%; nitenpyram, 79.3%; thiacloprid, 
99.8%; thiamethoxam, 110.6%. Values were not recovery corrected. 
Pond water samples were screened for certain neonicotinoid parent compounds 
(acetamiprid, clothianidin, imidacloprid, and thiamethoxam, as well as flonicamid) using a solid-
phase extraction and LC-MS/MS method described by Main et al. (2014). Mean limits of 
detection (LODs, n = 10) were as follows: acetamiprid, 0.0003 µg/L; clothianidin, 0.0011 µg/L; 
imidacloprid, 0.0010 µg/L; thiamethoxam, 0.0025 µg/L; flonicamid, 0.0007 µg/L. Mean limits 
of quantification (LOQs, n = 10) were as follows: acetamiprid, 0.0009 µg/L; clothianidin, 0.0034 
µg/L; imidacloprid, 0.0031 µg/L; thiamethoxam, 0.0074 µg/L; flonicamid, 0.0022 µg/L. Mean 
quality control (n = 10) recoveries ± relative standard deviation were as follows: acetamiprid, 
116.2% ± 10.4; clothianidin, 63.5% ± 14.9; imidacloprid, 98.3% ± 17.1; thiamethoxam, 93.6% ± 
21.5; flonicamid, 54.0% ± 13.6. These compounds were not detected in laboratory blanks (n = 
10). Values were recovery corrected. 
3.3.6 Data Analyses 
Statistical analyses and generation of figures were conducted in R (version 3.6.0) (R Core 
Team 2018). Insect EPA:ARA peak area ratios were calculated for each site and taxon pool. 
EPA:ARA peak area ratios were also calculated for each nestling erythrocyte pool. To test for 
site differences in EPA:ARA peak area ratios for nestling erythrocyte samples, I used a one-way 
analysis of variance (ANOVA) approach. EPA:ARA peak area ratios were log-transformed to 
improve normality of residuals. I used package emmeans (Lenth 2018) for pairwise comparisons, 
by site, of model-estimated means using Tukey-adjusted p-values.  
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I tested for a correlation between log-transformed plasma concentrations of imidacloprid 
and clothianidin, using concentrations from both adult and nestling plasma, using Pearson’s 
product-moment correlation coefficient and a two-sided t-test; due to a substantial degree of 
censoring (values less than the method detection limit) for clothianidin, I utilized only those 
values from swallows with detections of clothianidin.  
To test for site differences in nestling plasma concentrations of imidacloprid, I fit a linear 
model using generalized least squares (GLS) with the “gls” function of package nlme (Pinheiro 
et al. 2019). Plasma concentrations were log-transformed to improve normality of residuals, and 
the “varIdent” variance structure was used to account for heterogenous residual variance by site. 
A Wald Chi-square test was conducted to assess statistical significance.  
To test for site differences in nestling plasma concentrations of clothianidin, including 
censored data <MDL, I used package NADA (Lee 2017) and package survival (Therneau and 
Grambsch 2000, Therneau 2015) to fit a parametric survival regression model with a log-normal 
distribution. The MDL value was substituted for values <MDL, which were also modelled as 
left-censored values. A likelihood-ratio test was conducted to assess statistical significance. One 
outlier (high value from the Humboldt site) was dropped to improve normality of residuals; 
inclusion or exclusion of this value had no impact on statistical significance (α = 0.05). For both 
models, package emmeans (Lenth 2018) was used for pairwise comparisons, by site, of model-
estimated means using Tukey-adjusted p-values. Due to sample size for adults, site and age 
(adult or nestling) were confounded. Therefore, data from adult swallows was not incorporated 
in any models, but these data are included in summary statistics.  
I fit linear mixed-effects models via package lme4 (Bates et al. 2015) to nestling body 
mass as measured on day 12 of life (n = 43 broods, 260 nestlings), incorporating fixed effects of 
head-bill length, EPA:ARA ratio, plasma neonicotinoid concentration, and brood size and a 
random-intercept term for brood identity (nest box). Head-bill length was incorporated as a fixed 
effect to control for structural size, and hence models reflect mass corrected for head-bill length 
– a potential proxy for condition (energy reserves). Head-bill length was more strongly 
correlated to nestling mass than other length measures; however, which length measures, if any, 
can be utilized in such analyses requires empirical verification in swallows. The total plasma 
neonicotinoid concentration was calculated assuming that <MDL values were zeros, as I 
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considered it reasonable that some swallows do not experience substantial exposure to certain 
compounds. The EPA:ARA ratio or plasma neonicotinoid concentration from sampled nestlings 
was used as an indicator for all nestlings within a given brood. Because plasma neonicotinoid 
concentrations were unavailable for some broods, a second model was fit, dropping the plasma 
neonicotinoid effect to assess the effect of increasing sample size (n = 45 broods, 276 nestlings) 
on estimates for the EPA:ARA ratio effect. Statistical significance (α = 0.05) for the EPA:ARA 
ratio effect was not altered in this model. One nestling was dropped from analyses due to mass 
incompatible with the Pesola spring-scale (i.e., impossible measurement). Statistical significance 
was assessed using Type II Wald F-tests with the Kenward-Roger degrees of freedom 
approximation via package car (Fox and Weisberg 2019). 
The threshold for statistical significance (α) in all analyses was set at 0.05. I used package 
NADA (Lee 2017) to calculate summary statistics for censored data using regression on order 
statistics (ROS) with a lognormal distribution. I used package ggplot2 (Wickham 2009) to 
generate figures and package effects (Fox and Weisberg 2018, 2019) to visualize models. 
3.4 RESULTS 
3.4.1 EPA:ARA Ratios of Insect Taxa  
Nine insect taxa were represented in fatty acid analyses – caddisflies (Trichoptera), 
damselflies (Anisoptera: Zygoptera), Nematoceran Diptera, Brachyceran Diptera, beetles 
(Coleoptera), grasshoppers (Orthoptera), true bugs (Hemiptera), sawflies, wasps, bees, and 
possibly flying ants (Hymenoptera), and moths and butterflies (Lepidoptera). Mean (standard 
deviation, as applicable) EPA:ARA ratios for each insect taxon across sites were as follows: 
Trichoptera, 7.4; Zygoptera, 6.5 (0.7); Nematocera, 3.8 (0.9); Brachycera, 2.5 (0.5); Coleoptera, 
1.0 (0.6); Orthoptera, 1.0 (0.8); Hemiptera, 3.8; Hymenoptera, 4.6 (2.4) (Figure 3.2, Table B1). 
Eicosapentaenoic acid, but not arachidonic acid, was detected in Lepidoptera. 
3.4.2 Nestling Erythrocyte EPA:ARA Ratios and Aquatic Insect Biomass 
One-way ANVOA indicated that nestling fatty acid status (log-transformed EPA:ARA 
ratios) differed among sites (F3,41 = 51.7, p < 0.001, Figure 3.3, Table B2). Geometric mean 
(geometric standard deviation) nestling EPA:ARA ratios by study site were as follows: Burr, 
0.19 (1.24); Colonsay, 0.55 (1.21); Humboldt, 0.45 (1.18); and St. Denis, 0.40 (1.29). Sampled 
nestlings at Burr had lower EPA:ARA ratios than nestlings at other sites. Site differences were 
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reflected in pairwise comparisons of model-estimated means. Nestlings at Burr had lower 
EPA:ARA ratios than nestlings at Colonsay (t(41) = -11.63, p < 0.001), Humboldt (t(41) = -9.67, 
p < 0.001), and St. Denis (t(41) = -8.01, p < 0.001). Nestlings at Colonsay tended to have greater 
EPA:ARA ratios than those at St. Denis (t(41) = 3.6, p = 0.004). Pairwise comparisons between 
Colonsay and Humboldt (t(41) = 2.21, p = 0.14) or Humboldt and St. Denis (t(41) = 1.49, p = 
0.46) were not statistically significant. These site differences may track differences in sampled 
biomass of primarily aquatic taxa (summed biomass of caddisflies, damselflies, and 
Nematoceran Diptera) on each study site (Figure 3.4, Table 3.1).  
3.4.3 Tree Swallow Exposure to Neonicotinoids 
 Imidacloprid was detected in 100% of adult and nestling swallows sampled (n = 56), with 
a geometric mean (geometric standard deviation) plasma concentration of 155.0 ng/L (3.2). The 
minimum plasma concentration of imidacloprid in sampled swallows was 6 ng/L (adult swallow 
at St. Denis) and the maximum plasma concentration was 1780 ng/L (nestling pool at Burr). 
Clothianidin was detected in 69.6% of adult and nestling swallows (n = 39/56), with a mean 
(standard deviation) plasma concentration of 28.9 ng/L (32.0), calculated by regression on order 
statistics, and a maximum concentration of 198 ng/L (nestling pool at Humboldt). Thiamethoxam 
was only detected in one nestling swallow plasma pool from the Humboldt site at a concentration 
of 9.7 ng/L. Other compounds were <MDL in all plasma samples. There was no statistically 
significant correlation between log-transformed concentrations of imidacloprid and clothianidin 
values >MDL (r (37) = 0.09, p = 0.59).  
Based on the GLS model, there were statistically significant differences in nestling 
plasma concentrations of imidacloprid between sites (χ2 (3) = 33.9, p < 0.001, Table B3, Figure 
3.5). Geometric mean (geometric standard deviation) nestling plasma concentrations of 
imidacloprid by study site were as follows: Burr, 272.9 ng/L (2.2); Colonsay, 113.2 ng/L (2.3); 
Humboldt, 479.5 ng/L (1.6); St. Denis 89.3 ng/L (4.0). Pairwise comparisons of model-estimated 
means were statistically significant between Humboldt and Colonsay (t(15.1) = 4.95, p = 0.001) 
or Humboldt and St. Denis (t(12.3) = 3.79, p = 0.01). Other pairwise comparisons were not 
statistically significant: Colonsay and Burr (t(19.9) = -2.5, p = 0.09); St. Denis and Burr (t(15.8) 
= -2.3, p = 0.14); St. Denis and Colonsay (t(16.4) = -0.48, p = 0.96); Humboldt and Burr (t(15.6) 
= 2.01, p = 0.23). 
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Based on the parametric survival model, nestling plasma clothianidin concentrations 
differed between sites where nestlings hatched (χ2 (3) = 36.21, p < 0.001, Table B4, Figure 3.5). 
Clothianidin was >MDL in only 2 of 11 nestling plasma samples from St. Denis but was detected 
in all nestling plasma samples (n = 32) from other study sites with cultivated cropland near all 
nest boxes (<100 m). Geometric mean (geometric standard deviation) nestling plasma 
concentrations of clothianidin, for sites characterized by cultivated cropland near nests, were as 
follows: Burr, 21.5 ng/L (1.8); Colonsay, 43.2 ng/L (1.8); Humboldt, 36.8 ng/L (2.1). Pairwise 
comparisons of model-estimated means were statistically significant between Burr and St. Denis 
(t(37) = 4.02, p = 0.002), Colonsay and St. Denis (t(37) = 6.15, p < 0.001), or Humboldt and St. 
Denis (t(37) = 4.89, p < 0.001). Other pairwise comparisons were not statistically significant: 
Burr and Colonsay (t(37) = -2.51, p = 0.07); Burr and Humboldt (t(37) = -1.19, p = 0.63); 
Colonsay and Humboldt (t(37) = 1.19, p = 0.64). 
Pond water sampling consistently confirmed the presence of imidacloprid and 
clothianidin in ponds across sites with cropping present near nest boxes (Table 3.2). Clothianidin 
was detected at lower maximum concentrations than imidacloprid within a given site. 
Thiamethoxam was detected only at Burr and Humboldt and at lower maximum concentrations 
than imidacloprid or clothianidin within a given site. Acetamiprid was not detected in any pond 
water samples, while flonicamid was detected in only one water sample at the Colonsay site at a 
concentration <LOQ. Neonicotinoids and flonicamid were not detected in pond water samples at 
St. Denis. 
3.4.4 Predictors of Nestling Mass 
From the model of nestling mass, the effect of EPA:ARA ratio was statistically significant, 
though weakly supported (F1,39.0 = 4.5, p = 0.04, Table B5, B6). Model results suggested a 
positive association between EPA:ARA ratios and nestling mass (Figure 3.7). Effect of brood 
size or neonicotinoid concentrations were not statistically significant. 
3.5 DISCUSSION 
3.5.1 Insect Sources of Fatty Acids 
I confirmed that different insect taxa differed in LC-PUFA composition, as reflected by 
EPA:ARA ratios. Primarily aquatic Trichoptera, damselflies, and Nematoceran Diptera tended to 
have greater EPA:ARA ratios than primarily terrestrial Brachyceran Diptera, Coleoptera, and 
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Orthoptera. These results are generally consistent with previous findings suggesting omega-
3:omega-6 ratios of animal tissues, including insects, can be used as an index to the contribution 
of aquatic and terrestrial components of diet (Torres-Ruiz et al. 2007, Hixson et al. 2015). 
However, Hymenoptera and Hemiptera had EPA:ARA ratios similar to those of aquatic taxa, and 
in Lepidoptera, EPA, but not ARA, was detected. It is unclear whether these patterns are 
indicative of an aquatic juvenile stage in these taxa. Some aquatic Hymenoptera and Hemiptera 
are present on our study sites (Elgin, pers. obs.); however, these higher ratios may simply be a 
consequence of low concentrations of LC-PUFA, or indeed lower total lipid content (Hanson et 
al. 1985). Some EPA:ARA ratios assessed here are consistent with presumed insect diet, as 
associated with habitat and trophic level (Hanson et al. 1985, Torres-Ruiz et al. 2010, Hixson et 
al. 2015). For example, almost exclusively terrestrial beetles have substantially lower EPA:ARA 
ratios than aquatic damselflies. Damselfly naiads are predatory, while larvae of Nematoceran 
Diptera (here, primarily Culicomorpha) occupy multiple trophic levels, with many detritivorous 
species. Despite that both these taxa are presumably associated with aquatic habitats, “average” 
trophic level is presumably reflected by higher EPA:ARA ratios among damselflies than 
Nematoceran Diptera. Importantly, these data suggest that Tree Swallows’ differential 
consumption of these insect taxa has potential to alter swallow EPA:ARA ratios. 
3.5.2 Nestling Omega-3 LC-PUFA Status in Relation to Aquatic Insect Availability 
The site where nestlings hatched appeared to have a strong relationship with nestling 
EPA:ARA ratios; namely, at Burr, nestlings had lower EPA:ARA ratios than nestlings sampled 
at St. Denis, Colonsay, or Humboldt. Low EPA:ARA ratios presumably reflect the loss of ponds 
due to continuous agricultural drainage on the Burr site (Michelson 2015) and lower presumed 
availability of aquatic insects as represented by biomass data (Figure 3.4). Nestlings sampled at 
Colonsay tended to have greater EPA:ARA ratios than those sampled at St. Denis, which also 
appears to reflect lower biomass of aquatic insects at St. Denis relative to Colonsay. The nature 
of the Humboldt site complicates interpretation of insect availability, but I suggest overall 
aquatic insect availability to swallows may indeed be intermediate between that of St. Denis and 
Colonsay, given that swallows will exploit concentrations of flying or actively emerging insects. 
The difference between the portions of the Humboldt site characterized by semi-natural cover 
and cropland are probably attributable to the clustering of small, poor-flying Nematoceran 
Diptera in denser vegetation (see Chapter 2). It is not clear whether EPA:ARA ratios, or omega-3 
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LC-PUFA status of blood, generally, is more a more accurate indicator of either total aquatic 
insect intake or relative proportion of aquatic and terrestrial insects in the diet of swallows. I 
speculate that the two components are almost inextricably linked for free-living Tree Swallows, 
given the typical prevalence of aquatic insects in Tree Swallow diets and their dietary flexibility 
(Winkler et al. 2011). Nevertheless, differences in swallow EPA:ARA ratios on these study sites, 
with apparent site differences in biomass of aquatic and terrestrial insect prey, are consistent with 
the hypothesis that prairie ponds act as a source of omega-3 LC-PUFA, transferred by aquatic 
insects as a nutrient subsidy to nestling swallows. 
3.5.3 Tree Swallow Exposure to Neonicotinoid Insecticides 
Here, I confirmed exposure to neonicotinoid insecticides in free-living, primarily 
insectivorous swallows using new methods for sensitive low volume analysis of blood plasma. 
Consistent with several emerging studies on birds, the detection of neonicotinoids in all swallow 
plasma samples confirms widespread exposure of wild birds to neonicotinoids (Taliansky-
Chamudis et al. 2017, Bishop et al. 2018, Byholm et al. 2018, Ertl et al. 2018, Hao et al. 2018, 
MacDonald et al. 2018, Graves et al. 2019, Humann-Guilleminot et al. 2019). Compared with the 
levels reported by Hao et al. (2018) in another passerine species, White-crowned Sparrows 
(Zonotrichia leucophrys) sampled in southern Ontario on migration, swallows sampled in 
Saskatchewan tended to have higher concentrations and detection frequency of imidacloprid and 
clothianidin than those sparrows at capture. However, thiacloprid, thiamethoxam, and 
acetamiprid were also detected infrequently in sparrow blood plasma (Hao et al. 2018). In an 
assessment of plasma neonicotinoids of nestling Eurasian Eagle-owls (Bubo bubo), Taliansky-
Chamudis et al. (2017) reported that only imidacloprid was detected in one of thirty plasma 
samples at a concentration of 3280 ng/L; however, method detection limits were approximately 
three orders of magnitude greater than the method utilized here (Hao et al. 2018). Additional 
work is required to assess whether differences between compounds (e.g., clothianidin and 
imidacloprid) are fully attributable to differential intake or also to metabolic differences, which 
may explain differential toxicity of neonicotinoid compounds to birds (Addy-Orduna et al. 
2019). Still, results here are consistent with the findings of Haroune et al. (2015) – neonicotinoid 
exposure is not restricted to granivores, herbivores, or higher trophic levels, but also occurs 
amongst insectivorous passerines. 
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Swallow exposure to certain neonicotinoids (and other agricultural pesticides) will likely 
vary from year to year due to multiple factors, including crop rotation and precipitation (e.g., 
Main et al. 2015). Still, there is some evidence for greater persistence of neonicotinoids in 
cooler, drier soils such as might be found in Prairie Canada; for example, the soil half-life (DT50) 
for clothianidin has been reported as 385 days in Ontario, in contrast to 1386 days in North 
Dakota (PMRA 2004). Neonicotinoids may be persistent in low-light conditions of pond 
sediments (water hydrolysis DT50 > 1 year) (Morrissey et al. 2015), but most current evidence 
has not demonstrated persistence in pond sediments. Main et al. (2015) reported neonicotinoid 
detections in only 6% of pond sediment samples in summer 2012, in contrast to 62% of water 
samples in the same period. Some degree of neonicotinoid persistence in agricultural soils of the 
Prairies, with subsequent runoff in snowmelt, has been demonstrated (Main et al. 2016).  
Contrary to expectation, imidacloprid concentrations in nestling swallow plasma were not 
associated with local cropping, though concentrations of clothianidin were higher at sites with 
cultivated cropland near nest boxes. It is possible that differential exposure to imidacloprid 
relative to clothianidin at St. Denis is, in part, attributable to differential persistence of 
imidacloprid and past uses of this compound (e.g., Jones et al. 2014). Still, the substantial 
variability of plasma concentrations on the St. Denis site, relative to other sites, is suggestive of 
more varied intake of imidacloprid, and imidacloprid was not detected in pond water samples at 
St. Denis in 2018. Assuming neonicotinoids are sourced from insect prey, it is possible that 
contaminated insects are dispersing from local cropland, or that swallows are foraging in the 
vicinity of cropland. I consider it unlikely that any large quantity of imidacloprid was deposited 
on site due to atmospheric deposition, given that neonicotinoids have low potential for 
volatilization (Bonmatin et al. 2015), but imidacloprid may be used on site or transferred from 
nearby cropland via precipitation runoff and/or snowmelt (e.g., Main et al. 2016). Additionally, 
previous experimental wetland studies have utilized imidacloprid in a pond (“Pond 2”) in close 
proximity to the St. Denis (grassland) swallow colony (Cavallaro et al. 2018, Maloney et al. 
2018). Cavallaro (2018) previously reported detectable concentrations (0.01 to 0.10 µg/L) of 
imidacloprid, but not clothianidin or thiamethoxam, in Pond 2 one year following an addition 
experiment. Water samples in 2018 also had frequent detections of clothianidin and imidacloprid 
at other sites, which suggests differences in plasma neonicotinoid concentrations between study 
sites may be related to local environmental contamination. Future work should aim to further 
   
54 
   
characterize sources of neonicotinoids in swallow diets as well as the ubiquity and persistence of 
these compounds in prairie soils and pond sediments. 
3.5.4 Nestling Mass in Relation to EPA:ARA Ratio and Plasma Neonicotinoids  
 I found that an increase in nestling EPA:ARA ratios was associated with an increase in 
nestling mass, while relationships with plasma neonicotinoid concentrations were not detected. 
The positive association of nestling mass with EPA:ARA ratios lends support to the hypothesis 
that prey quality and/or diet composition is an important factor affecting nestling swallow mass 
and possibly nestling condition (Twining et al. 2016b). Still, these results are entirely correlative. 
Several other factors might contribute to nestling mass and condition, including quantity of prey 
delivered to nestlings or other nutrients associated with insect fatty acid composition. Dietary 
calcium, for example, appears to contribute to Tree Swallow nestling growth (Dawson and 
Bidwell 2005), and aquatic insects may also act as a calcium subsidy to Tree Swallows. 
However, provisioning of nestlings with more calcium-rich items (mollusk shells) also occurs on 
the Burr site (Elgin, pers. obs.). It is also possible that neonicotinoid concentrations from 
sampled nestlings were not reflective of the entire brood, as modeled. Nestlings on our study 
sites are also exposed to an array of pesticides detected in food bolus samples (unpubl. data). 
This suggests potential for confounding, additive, or interactive effects of exposure to multiple 
contaminants that would remain undetected. Especially given that plasma concentrations of 
neonicotinoids alone are uncorrelated, plasma neonicotinoid concentrations are unlikely to 
reflect total contaminant loads in swallows. Though I did not detect any significant effects of 
neonicotinoid exposure, such exposures raise the question of whether direct effects of 
neonicotinoid toxicity – such as mass loss demonstrated in several non-insectivorous species 
(Lopez-Antia et al. 2013, Eng et al. 2017, 2019, Addy-Orduna et al. 2019) – play any role in 
association between neonicotinoid concentrations and population trends of some insectivorous 
birds (Hallmann et al. 2014).  
3.5.5 Conclusions 
I found that nestling swallow fatty acid status differed among study sites – differences 
which were reflective of aquatic insect biomass on each site. Fatty acid status (EPA:ARA ratio) 
was associated with an increase in nestling mass, underscoring the importance of aquatic insect 
prey to breeding Tree Swallows. Still, swallows were also exposed to neonicotinoid insecticides, 
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which appears to be, in part, a consequence of breeding in landscapes dominated by intensive 
cropping. These findings emphasize the importance of preserving, restoring, and protecting 
aquatic habitats like prairie ponds as a conservation measure for swallows breeding in 
agricultural landscapes. Future work should attempt to disentangle the impacts of prey quantity 
and quality (beneficial nutrients and deleterious contaminants) on additional aerial insectivorous 
species. 
 





TABLES AND FIGURES 
Table 3.1. Summary table of insect biomass by taxon on each study site or sub-site in 2018. Values represent the sum across 
sweep-net transects on a given study site. Presumed habitat association of juvenile stages is indicated for each insect taxon. Burr 
and Colonsay are cropland-dominated, St. Denis is grassland-dominated, and Humboldt is characterized by roughly equal 
proportions of cropland (Humboldt Crop sub-site) and herbaceous vegetation (Humboldt Grass sub-site) near nest boxes.  
 Study Site 
Taxon (Habitat) Burr Colonsay Humboldt Crop Humboldt Grass St. Denis 
Trichoptera (Aquatic) 0 0 0 0 25.6 
Zygoptera (Aquatic) 19.2 172 38.2 52.1 263.8 
Nematocera (Aquatic) 64.9 3622.1 302.1 2437.8 1032.1 
Brachycera (Terrestrial/Aquatic) 588.2 818.2 90.6 93.5 1500.8 
Coleoptera (Terrestrial) 27.3 562.5 15.1 23 887.4 
Orthoptera (Terrestrial) 0 48.3 80.5 0 0 
Lepidoptera (Terrestrial) 17.2 70.8 0 0 7 
Neuroptera (Terrestrial) 0 8.2 0 0 0 
Hemiptera (Terrestrial) 34.3 76.2 4.9 29.7 452.6 
Hymenoptera (Terrestrial) 52 85.4 13.8 17.2 157.4 
Total 803.1 5463.7 545.2 2653.3 4326.7 
 
Table 3.2. Summary of detections and maximum concentrations (ng/L, recovery-corrected) of neonicotinoids and flonicamid in 
pond water samples near each study site. Burr and Colonsay are cropland-dominated, St. Denis is grassland-dominated, and 
Humboldt is characterized by roughly equal proportions of cropland and herbaceous vegetation near nest boxes. Sample sizes (n) 
for each site are indicated. Maximum values <LOQ (based on uncorrected values) are indicated by an asterisk (*). ND, not 
detected. 
Site (no. ponds, n) 
Imidacloprid 
Detects, Max. (ng/L) 
Clothianidin 
Detects, Max. (ng/L) 
Thiamethoxam 
Detects, Max. (ng/L) 
Acetamiprid 
Detects, Max. (ng/L) 
Flonicamid 
Detects, Max. (ng/L) 
Burr (4) 3, 477 3, 28 3, 12 0, ND 0, ND 
Colonsay (5) 1, 5 2, 4* 0, ND 0, ND 1, 2* 
Humboldt (4) 3, 42 3, 13 1, 4* 0, ND 0, ND 
St. Denis (5) 0, ND 0, ND 0, ND 0, ND 0, ND 






Figure 3.1. Simplified conversion pathway for eicosapentaenoic acid and docosahexaenoic acid (EPA and DHA, respectively) 
from alpha-linolenic acid (ALA) and arachidonic acid (ARA) from linoleic acid (LA). Modified from Haghighi et al. (2015). 
 
 
Figure 3.2. Eicosapentaenoic acid: arachidonic acid (EPA:ARA) ratios for insect taxa, derived from 2017 samples. Height of bars 
indicates mean across sites. Error bars represent standard deviation across sites, where applicable. Presumed habitat association of 
juvenile stages are color-coded for each taxon (Trichoptera, n = 1, pooled across 3 sites; Zygoptera, n = 5 sites; Nematocera, n = 5 
sites; Brachycera, n = 5 sites; Coleoptera, n = 5 sites; Orthoptera, n = 3 sites; Hemiptera, n = 1, pooled across 5 sites; Hymenoptera,  
n = 3 sites. Arachidonic acid was not detected (ND) in Lepidoptera, n = 1, pooled across 5 sites). 
ALA (C18:3 n-3) 
EPA (C20:5 n-3) 
DHA (C22:6 n-3) 
LA (C18:2 n-6) 






Omega-3 Fatty Acids (n-3) Omega-6 Fatty Acids (n-6) 
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Figure 3.3. EPA:ARA ratios (log10 scale) of nestling Tree Swallow erythrocyte samples by study 
site in 2018. Burr and Colonsay are cropland-dominated. St. Denis is grassland-dominated. 
Humboldt is characterized by roughly equal proportions of cropland and herbaceous vegetation 
near nest boxes. Differing letters indicate statistically significant (p < 0.05) pairwise comparisons 
of model-estimated means between sites. 
 
Figure 3.4. Bar chart of aquatic and terrestrial insect biomass (mg) in 2018, by site or sub-site. 
Height of bars indicates the total biomass across sweep-net sampling transects for taxa 
considered aquatic or primarily terrestrial, including Brachyceran Diptera. Burr and Colonsay are 
cropland-dominated. St. Denis is grassland-dominated. Humboldt is characterized by roughly 
equal proportions of cropland (Humboldt Crop sub-site) and herbaceous vegetation (Humboldt 
Grass sub-site) near nest boxes.
    






Figure 3.5. Left (a), Tukey boxplot of nestling plasma imidacloprid concentrations (ng/L, log10 scale) on each study site. Right (b), 
Tukey boxplot of nestling plasma clothianidin concentrations (ng/L, log10 scale) on each study site. Burr and Colonsay are 
cropland-dominated. St. Denis is grassland-dominated. Humboldt is characterized by roughly equal proportions of herbaceous 
vegetation and cropland near nest boxes. Different letters indicate statistically significant pairwise comparisons (p < 0.05) of 
model-estimated means, between sites, for each compound. Clothianidin (CLO) values less than the method detection limit (MDL) 
have been replaced by the MDL (7.4 ng/L).  
 
    
 60  
 
 
Figure 3.6. Effect plot for EPA:ARA ratio from model of nestling mass as measured on day 12 
post-hatching. Shaded area represents a 95% confidence interval. Rug plot along the x-axis 
indicates realized values for EPA:ARA ratio. 
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CHAPTER 4: SYNTHESIS AND RECOMMENDATIONS FOR FUTURE RESEARCH 
4.1 SYNTHESIS 
 My overall aim in this thesis was to assess the use of prairie ponds as foraging areas by 
breeding Tree Swallows in agricultural landscapes of the PPR and to investigate the diet quality 
of nestling swallows in relation to aquatic subsidies of omega-3 LC-PUFA and exposure to 
neonicotinoid insecticides. I utilized GPS-tagging and an RSF approach to assess adult breeding 
female Tree Swallows’ habitat and space use (Chapter 2). I found that swallows reduced their 
use of all habitats at greater distances from the nest, but this reduction in use was less steep for 
prairie ponds, suggesting that swallows increased their selectivity for ponds with greater 
travelling distance. Interestingly, swallows appeared to strongly select for ponds even relative to 
vegetated areas, while sweep-net sampled insect abundance was similar or even greater in 
vegetation. I speculated that this discrepancy might be attributable to differences between sweep-
net sampling and foraging behavior of swallows. Swallows may have increased prey capture 
rates over open water, relative to vegetation, and swallows might adjust their use of ponds based 
on spatiotemporal patterns in insect emergence and flight. Findings regarding swallow habitat 
selection suggest that ponds provide important foraging areas for swallows. However, breeding 
swallows behave as central-place foragers, such that there are limits to compensatory foraging 
effort. Central-place foraging swallows will likely travel farther only when the benefit(s) of 
doing so are equal to or outweigh the energetic cost of travelling farther from the central place 
(the nest). Hence, adult and their developing nestlings could benefit from productive aquatic 
habitat, such as ponds, in the vicinity of nests, regardless of agricultural land use. 
I assessed omega-3 LC-PUFA status and neonicotinoid exposures as two components of 
Tree Swallow nestling diet quality possibly affected by the presence and quality of ponds in 
prairie agroecosystems (Chapter 3). Utilizing insect samples from the swallow study sites, I 
found that some aquatic insects sourced from prairie ponds could serve as an omega-3 LC-PUFA 
subsidy for insectivores, as reflected by higher EPA:ARA ratios in aquatic insects relative to 
some terrestrial taxa. Nestling Tree Swallows also differed in omega-3 LC-PUFA status 
(EPA:ARA ratio) across sites, possibly reflecting sweep-net sampled aquatic insect biomass or 
the relative availability of aquatic and terrestrial insects on each site. EPA:ARA ratios in 
erythrocytes displayed a positive association with nestling mass, consistent with the importance 
of these fatty acids to nestling Tree Swallow growth (Twining et al. 2016b). However, I found 
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swallows were also ubiquitously exposed to neonicotinoid insecticides. Interestingly, nestling 
plasma imidacloprid concentrations did not consistently differ between a grassland-dominated 
site and sites characterized by cropping in the immediate vicinity of nests, while concentrations 
of clothianidin were strongly associated with local cropping. These differences may reflect 
pesticide use histories, differential persistence, or different dietary sources. Neonicotinoids 
appear to be rapidly metabolized by birds (Bean et al. 2019), which suggests these patterns may 
be due to repeated local exposure. These results have important implications for the conservation 
of swallows and prairie ponds; however, the findings and limitations of this work also raise 
important research questions and provide evidence in support of more specific recommendations. 
4.2 IMPLICATIONS FOR CONSERVATION OF BIODIVERSITY IN PRAIRIE 
AGROECOSYSTEMS 
Agricultural modification of landscapes often poses threats to biodiversity, whether 
mediated directly (e.g., the removal of native vegetation) or indirectly (e.g., destruction of 
suitable habitat or reduction in prey for animals) (Tilman et al. 2002, Foley et al. 2005). 
Nevertheless, agricultural food production likely must increase, to some degree, to meet food 
demands for a growing human population (Tilman et al. 2011, Hunter et al. 2017). This suggests 
a need for some balance between increasing agricultural production and the conservation of 
biodiversity – perhaps especially so in landscapes already heavily modified by agriculture, such 
as the PPR, where an estimated 70% of native prairie and associated wetland basins have been 
converted to agricultural land use (Kissinger and Rees 2009, NABCI Canada 2012). 
One means of mitigating some impacts of agricultural land use on biodiversity is the 
preservation of native and/or natural habitats in landscapes otherwise heavily modified by 
agricultural practices. Results here suggest prairie ponds, among other aquatic habitats, can serve 
as such critical habitat in prairie agroecosystems, providing important foraging areas and a 
source of nutrient rich insect prey to swallows. The importance of prairie ponds is not restricted 
to swallows; indeed, nutrient subsidies from ponds are probable for a variety of animals, 
including other avian taxa such as migratory shorebirds and waterfowl which rely on ponds as 
foraging areas during migratory stopover and breeding. Results based on insect sampling may 
also suggest the importance of conserving a diversity of natural habitat types (i.e., both aquatic 
and terrestrial), as both aquatic and terrestrial non-cropped habitats tended to have high 
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abundance of insects, though the relation of insect abundance to swallow foraging was unclear. 
The combination of intensive agricultural practices and expansion of agricultural land use may 
simultaneously depress avian biodiversity (e.g., Quinn et al. 2017), but the conservation and 
restoration of natural habitats in agroecosystems can mitigate some of these impacts. 
Retaining prairie ponds may be critical for conservation of swallows in the PPR; however, 
it is likely also critical that natural habitats are conserved and restored to an intact, “natural” state 
to ensure benefits to biodiversity in agroecosystems. Both cropping and grazing practices have 
can contribute to deterioration of pond water quality (e.g., nutrient loads) and vegetative pond 
margins that can consequently impact insects and other invertebrates (Campbell et al. 2009), 
which in turn provide an important prey resource for birds. Here I found that Tree Swallows 
were ubiquitously exposed to neonicotinoids, presumably via dietary intake. Though it is not 
clear that these exposures resulted in negative impacts on swallows, this finding raises some 
concern about the ubiquity and environmental persistence of these pesticides and may represent a 
consequence of their widespread prophylactic use (e.g., Main et al. 2014). Though I have not 
demonstrated the dietary source of neonicotinoids, this also suggests the importance of 
preventing agrochemical contamination of ponds, given swallows’ predisposition to exposure to 
contaminants in aquatic ecosystems. Maintaining intact ponds might also serve to enhance 
ecosystem services, such as provided by pollinators, in agroecosystems (and see Stewart et al. 
2016) – though in the author’s view, the conservation of biodiversity should not hinge on 
demonstrated benefits to humans. Changes to policy and incentives are perhaps the only certain 
means to ensure the retention and sustainable management of natural habitats, such as ponds, in 
prairie agroecosystems. 
4.3 LIMITATIONS AND FUTURE RESEARCH DIRECTIONS 
4.3.1 Consequences of Habitat Loss and Nutrient Limitation for Tree Swallows and 
Other Aerial Insectivores 
 I found that Tree Swallow omega-3 LC-PUFA status was not associated with agricultural 
land use (cropping or grazing) but may be determined by the availability of aquatic insects. 
Likewise, results suggested that omega-3 LC-PUFA status might be positively associated with 
nestling mass, while nestlings on one cropland site had higher omega-3 LC-PUFA status than 
those on a grassland site. Such results, in tandem with differential importance of aquatic insects 
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in swallow diets (Twining et al. 2018), raise the question of whether agricultural land use 
practice (cropping and grazing) has differential impact on Tree Swallow condition beyond 
reduction or disturbance of aquatic habitats and/or aquatic insect prey. Does intensive cropping 
and/or grazing directly affect Tree Swallow performance by altering abundance of insect prey, or 
are the effects reported in prior studies (e.g., Ghilain and Bélisle 2008) simply consequent to loss 
of aquatic insects? Importantly, agricultural intensification is not restricted to cropping practices 
alone, nor is even responsible grazing of livestock without environmental costs. How does Tree 
Swallow performance in agricultural landscapes differ from areas with less agricultural 
modification? I suggest future studies should consider how Tree Swallow performance is 
affected by land use and habitat based on simultaneous assessments of aquatic insect prey and 
land use practices in a factorial design (e.g., in croplands, grazed pasture, and areas with less 
agricultural disturbance). 
Similar studies on aerial insectivores other than Tree Swallows will also be informative. 
Not all aerial insectivores, even among swallows, behave in precisely the same way. For 
example, smaller and lower-flying Barn Swallows might benefit more from the presence of non-
crop vegetation than other swallows, as they may have greater ability to fly through and over 
such habitats to take advantage of prey inaccessible to larger swallows (Evans et al. 2003, 2007, 
Dreelin et al. 2018). Still, all “hawking” aerial insectivores, including Barn Swallows, exploit 
aquatic insects emerging from ponds and other aquatic habitat (Elgin, pers. obs.); “sallying” 
aerial insectivores may similarly benefit from energy and nutrient subsidies via aquatic insect 
prey, though foraging strategy differs (and see Twining et al. 2019). GPS-tracking of larger 
aerial insectivores can assist not only in characterizing migratory strategies and non-breeding 
locations (Fraser et al. 2017, Ng et al. 2018), but also fully characterizing local space use in 
breeding areas, understanding of which is likely incomplete when using visual tracking or radio-
telemetry. Further miniaturization of GPS tags and development of automated telemetry systems 
(Lenske and Nocera 2018) will increase researchers’ ability to fully characterize avian habitat 
and space use. Use of these and similar technologies on other aerial insectivorous species will 
help to better characterize the relative importance of different foraging habitats to species in this 
guild. 
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 Results of this work suggest some relationship between fatty acid status and nestling 
mass; however, I am unable to exclude the possibility that swallows with greater EPA:ARA 
ratios are also consuming a greater quantity of insect prey. Therefore, I also suggest that future 
studies might attempt to parse out the contribution of dietary quantity and quality (nutrient 
composition) for Tree Swallows and other aerial insectivores in a field setting. Experimental 
studies have suggested that the micro- and macro-nutrient composition (e.g., fatty acids, calcium, 
vitamin E) of prey are important factors in the growth of nestling swallows (Dawson and Bidwell 
2005, De Ayala et al. 2006, Twining et al. 2016b). Disentangling the impacts of diet quality and 
quantity in a field setting is increasingly possible with the introduction of smaller tracking and 
transmitter technologies. For example, radio-frequency identification tags (RFID) might be 
utilized to assess the delivery of prey (quantity) (Bonter and Bridge 2011, Bridge and Bonter 
2011, Stanton et al. 2016). Diet composition and parameters of nutritional quality can be 
examined via bolus sampling and/or use of appropriate blood fractions (erythrocytes or plasma, 
depending on nutrients and temporal scale of interest). In a field setting, does diet composition 
for swallows and other aerial insectivores exhibit additive effects to (or even stronger effects 
than) prey quantity on nestling growth and condition? Whether performance of aerial 
insectivores other than Tree Swallows is highly dependent on dietary nutritional quality (such as 
omega-3 LC-PUFA) is also currently an open question. 
4.3.2 Semi-permanent Prairie Ponds as a Source of Lipids and LC-PUFA 
 Prairie ponds provide foraging habitat not only for aerial insectivores, but a diversity of 
avian species that also benefit from aquatic nutrient subsidies not assessed here. Beyond 
waterfowl, perhaps the most apparent are resident and migratory shorebirds, which rely on 
ephemeral prairie ponds as foraging habitat during breeding or as critical refueling sites during 
migration (Skagen et al. 2008). As a guild, declines among North American migratory shorebird 
populations also appear to be among the steepest continent-wide (e.g., NABCI Canada 2019). 
Lipids provide a critical fuel source for migratory birds, and LC-PUFA may provide an 
important source of fuel and/or alter performance in migratory shorebirds (Guglielmo et al. 2002, 
Maillet and Weber 2006, 2007); still, differential impact of particular fatty acids (e.g., saturates, 
unsaturates, omega-6 LC-PUFA, and omega-3 LC-PUFA) on migratory performance remains 
unclear, to my knowledge (and see Guglielmo 2010). In contrast to coastal sites, I am aware of 
only one study assessing fatty acid intake by shorebirds migrating through the central flyway 
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(Rivers and Rintoul 2011); this study was not conducted in the PPR nor were clear assessments 
of LC-PUFA reported. Notwithstanding the need for additional experimental studies of lipid 
impacts on migratory performance, future work might consider the importance of ephemeral 
prairie ponds as a source of lipids and LC-PUFA to migratory shorebirds, among other taxa. 
4.3.3 Biological Realism in Assessment of Prey Availability to Aerial Insectivores 
An important limitation of this work is that I was not able to directly relate sampled 
insect abundance or biomass to Tree Swallow habitat selection, which I have suggested is likely 
a consequence of differences between sampling method and swallow foraging. Sweep-net 
sampling, as an active sampling method, may allow for better characterization of spatial 
variation in insect abundance or biomass at a single point in time. However, it is likely that 
sweep-net sampling is also sensitive to temporal variation in insect abundance affected by factors 
other than habitat types. For example, greater wind speeds can force smaller, poor-flying insects 
into aggregations in vegetation which might not otherwise be present. Sweep-net sampling can 
also overrepresent insect availability because not all insects clustered in dense vegetation will be 
accessible to aerial insectivorous birds. Still, in most studies, sampling the availability of insects 
to aerial insectivores has been based on passive insect sampling (Hussell and Quinney 1987, 
McCarty and Winkler 1999a, Imlay et al. 2017, McClenaghan et al. 2019a), which may be 
entirely unrepresentative of different insect densities across the landscape and spatiotemporal 
patterns therein. Aerial insectivorous birds will likely take advantage of more easily captured 
insect prey or dense concentrations of insects, regardless of landscape-scale insect abundance or 
biomass; however, only a subset of insects may truly be available to aerial insectivores.  
I suggest three broad priorities for future research assessing prey availability to aerial 
insectivores, especially relevant to swallows: 1) characterize spatiotemporal patterns in 
abundance of insect prey (recognizing that aerial insectivores will exploit concentrations of 
insects, but only if accessible), 2) utilize multiple passive and active sampling methods when 
possible (e.g., sweep-net sampling, aerial passive sampling, and especially emergence traps, 
where applicable) and 3) characterize the composition of sampled insect assemblages, as not all 
insect prey are necessarily equal in nutritional value or energy content. I acknowledge there may 
be multiple factors contributing to differential habitat selection among aerial insectivores which 
are unrelated to insect abundance per se, and I recognize limitations and logistical constraints on 
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researchers’ ability to sample prey availability. Still, future studies must attempt to incorporate 
additional “biological realism” when assessing the importance of insect prey to aerial 
insectivores. 
4.3.4 Hazards of Agricultural Pesticides to Non-target Insects and Aerial Insectivores 
Results discussed in Chapter 3 suggest that insectivorous Tree Swallows are exposed to 
neonicotinoid insecticides; exposure to insecticides among almost exclusively insectivorous 
birds raises further questions about the possible impacts of direct (i.e., toxic) and indirect effects 
(i.e., prey reduction) of agrochemicals on aerial insectivores. For example, changes in timing of 
insect emergence or failure to emerge (Cavallaro et al. 2017, 2018) could reduce the availability 
of aquatic insects to swallows; however, failed emergence or immobilization of insects might 
also enhance swallows’ uptake of neonicotinoid insecticides. Cavallaro et al. (2017) reported that 
neonicotinoid exposure affected emergence success of a chironomid, Chironomus dilutus which 
was possibly attributable to entanglement in pupal exuvia during emergence itself. Similar molt-
related mortality has been reported in larvae of the mosquito Aedes aegypti exposed to 
imidaloprid (Song et al. 1997). Tree Swallows are known to capture not only insects in flight, but 
also actively emerging, dying, or dead insects on or beneath pond surfaces or from the ground 
(e.g., Cohen and Dymerski 1986, Hobson and Sealy 1987, Elgin, pers. obs.). I suggest two a 
posteriori hypotheses for swallows’ exposure to neonicotinoids in particular: 1) insects 
insensitive to neonicotinoid exposure contribute neonicotinoids to swallow diets and/or 2) 
insects’ exposure to sublethal concentrations of neonicotinoid insecticides increases the 
probability of predation by swallows due to effects on emergence, immobilization, or disrupted 
avoidance behavior (e.g., Zhang and Nieh 2015, Parkinson and Gray 2019), thereby increasing 
swallows’ consumption of these and other agrochemicals (Walker 2003). Assessing exposure of 
additional insectivorous species (aerial insectivores or others) might also be informative, and 
alternative hypotheses should be considered, including sources other than insects. 
Characterizing the impact of “contaminant subsidies” in a field setting is complex. For 
example, environmental contamination can reduce predators’ exposure to certain contaminants 
by eliminating prey that might otherwise be contaminated at lower concentrations. Animals 
which have higher contaminant loads can also be in better condition (i.e., have greater energy 
stores) than those with lower exposure to contaminants if greater prey intake also results in 
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greater contaminant exposure. Notwithstanding gaps in understanding insectivorous birds’ 
exposure to contemporary agricultural pesticides, these difficulties suggest a future need for 
experimental work, or carefully planned field studies. Most clearly lacking are measures of 
agricultural pesticides present in insects, or other swallow dietary items, as well as factors 
impacting current use pesticide concentrations in prey items. To what doses of contaminants are 
swallows being exposed? If sourced from aquatic insects, can pond margin vegetation reduce 
contaminant loads in insects by limiting exposure (Main et al. 2015, 2017), or does vegetation 
simply serve as a reservoir for systemic pesticides? Are the concentrations of agrochemical 
contaminants in insect prey likely to exert sublethal impacts on insectivorous birds? The answers 
to these and similar questions serve an important role in assessing risks of pesticide exposures 
for insectivorous birds foraging in agricultural landscapes. 
4.3.5 Diet Quality and Quantity as Drivers of Aerial Insectivore Population Trends 
The evidence that aerial insectivore reproductive output or survival is dependent on total 
insect prey abundance is equivocal (Quinney et al. 1986, McCarty and Winkler 1999a, Imlay et 
al. 2017, McClenaghan et al. 2019a, Spiller and Dettmers 2019); however, to my knowledge, no 
studies have directly assessed the importance of total insect abundance to aerial insectivores 
other than swallows. Relatively few studies have attempted to parse out the relative contribution 
of different insect taxa and presumed nutritional quality to the reproductive output and/or 
survival of aerial insectivores, compared to assessments of total insect abundance or biomass.  
 There is also increasing evidence that the diet composition of some aerial insectivores has 
changed, with some changes being attributed to anthropogenic impacts on insect assemblages. 
Nocera et al. (2012) reported that the diet composition of Chimney Swifts (Chaetura pelagica), 
as inferred from guano samples in Kingston, Ontario, Canada, shifted from predominantly 
Coleopteran (beetle) prey to Hemipteran (true bug) prey, and this shift tracked the quantity of 
DDT and metabolites in guano samples. Given the relative toxicity of DDT to beetles (sensitive) 
and true bugs (insensitive), Nocera et al. (2012) argued that this dietary shift might be directly 
attributed to an altered insect assemblage consequent to DDT applications, with nutritional 
consequences for swifts. Pomfret et al. (2015) similarly examined the “guano-inferred” diet of 
Vaux’s Swifts (Chaetura vauxi) from guano samples deposited ~1985-2011 on Vancouver 
Island, British Columbia. As seen with Chimney Swifts, Pomfret et al. (2015) reported greater 
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consumption of true bugs and lower consumption of beetles over time. This shift was reflected 
by an increase in δ15N signatures, which were correlated with population declines. By 
investigating museum specimens, English et al. (2018) reported that the isotopically inferred diet 
of Eastern Whip-poor-wills (Antrostomus vociferous) suggests a shift from higher to lower 
trophic level prey over the past 100 years. Whether such a trend reflects overall changes in insect 
abundance is unclear; I speculate based on the former studies that any impact might not be fully 
attributable to overall insect consumption given dietary flexibility, but changes in insect 
assemblages and composition of the diet. 
 Several studies more directly suggest that dietary nutritional quality – or indirectly, diet 
composition – contributes to reproductive output in some aerial insectivores and may have 
similar effects on survival. De Ayala et al. (2006) reported that supplementation of Barn 
Swallow diets with Vitamin E (an antioxidant), at intermediate doses, slightly enhanced nestling 
growth during the exponential growth period. Dawson and Bidwell (2005) found that 
supplementation of nestling Tree Swallow diets with calcium enhanced the growth rate for mass 
and 9th primary feathers. Indeed, acidification of aquatic ecosystems might negatively affect 
swallows reliant on aquatic insect prey; Blancher and McNicol (1988) reported that pond 
basicity (water pH of “wetlands”) was positively related to several measures of Tree Swallow 
reproductive output, as well as nestling size and growth. Blancher and McNicol (1991) also 
found that aquatic mayflies (Ephemeroptera) and molluscs, both of which were provisioned to 
nestling swallows, were strongly reduced in acidified ponds; however, the overall biomass and 
emergence of Diptera tended to be greater. Nestling swallows were correspondingly fed fewer 
mayflies and more aquatic Diptera near acidified ponds, though overall intake of aquatic taxa 
was lower (Blancher and McNicol 1991). Aquatic insects may serve as a source of multiple 
nutrients for Tree Swallows and other hirundines, and indeed, aquatic insect prey may enhance 
nestling growth and fledging success more than total insect abundance and overall diet quantity 
(Twining et al. 2016b, 2018). 
I acknowledge that Tree Swallows are represented most in studies of aerial insectivore 
diet quality, including results presented here, and I consider it likely that what constitutes 
nutritionally high-quality insect prey differs to some degree among species and geographic 
regions. Nevertheless, prior work suggests some changes in insect assemblages, with possible 
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impacts on aerial insectivore diet quality, have occurred and may represent an important driver 
of vital rates for some species in this guild. I observed some marked differences in swallow LC-
PUFA status between study sites, which may be driven by the availability of aquatic insects. 
However, I also found widespread exposure to neonicotinoid insecticides among swallows 
nesting in prairie agroecosystems. My results suggest the importance of preserving and 
protecting natural habitats, such as prairie ponds in agroecosystems, to provide foraging areas 
and nutritionally high-quality prey for swallows. Aerial insectivore population trends are likely 
multifactorial (e.g., Spiller and Dettmers 2019); future work is needed to assess whether 
composition of insect assemblages can inform understanding of aerial insectivore population 
trends and whether declines in some aerial insectivore populations might be mitigated by habitat 
conservation. 
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APPENDIX A 
Table A1. Model parameters for the resource selection function. SE, standard error; SD, 
standard deviation; COR, correlation. 
 
Estimate SE Z p 
(Intercept) -3.13 0.19 -16.41 <0.001 
Habitat Vegetation 0.34 0.23 1.48 0.14 
Habitat Water -0.66 0.39 -1.72 0.09 
Distance from Nest (km) -7.74 0.99 -7.85 <0.001 
Habitat Vegetation : Distance from Nest (km) -0.19 0.90 -0.21 0.83 
Habitat Water : Distance from Nest (km) 6.16 1.32 4.66 <0.001 
SD (Intercept) Box 0.60 - - - 
SD Habitat Cropland, Box 0.48 - - - 
SD Habitat Vegetation, Box 0.44 - - - 
SD Habitat Water, Box 1.27 - - - 
COR Habitat Cropland, Habitat Vegetation; Box -0.87 - - - 
COR Habitat Cropland, Habitat Water; Box -0.76 - - - 
COR Habitat Vegetation, Habitat Water; Box 0.50 - - - 
SD Distance from Nest (km), Box 1.37 - - - 
SD Habitat Cropland: Distance from Nest (km), Box 3.91 - - - 
SD Habitat Vegetation : Distance from Nest (km), Box 3.98 - - - 
SD Habitat Water : Distance from Nest (km), Box 2.40 - - - 
COR Habitat Cropland: Distance from Nest (km), 
Habitat Vegetation : Distance from Nest (km); Box 
0.84 - - - 
COR Habitat Cropland: Distance from Nest (km), 
Habitat Water : Distance from Nest (km); Box 
-0.86 - - - 
COR Habitat Vegetation : Distance from Nest (km), 
Habitat Water : Distance from Nest (km); Box 
-0.46 - - - 
 
Table A2. Analysis of deviance table (Type II Wald Chi-square tests) for the resource selection 
function. df, degrees of freedom. 
 
χ2 df p 
Habitat 9.27 2 0.010 
Distance from Nest (km) 77.31 1 <0.001 
Habitat : Distance from Nest (km) 29.52 2 <0.001 
 
Table A3. Contrasts of a main effects only resource selection function. Odds ratios are 
presented, but contrasts were conducted on the log odds ratio scale. P-values adjusted using 
Tukey method for comparing a family of three estimates. SE, standard error. 
Contrast Odds Ratio SE Z-ratio p 
Non-crop Vegetation v. Cropland 1.38 0.25 1.81 0.16 
Water v. Cropland 2.44 0.42 5.12 <0.001 
Water v. Vegetation 1.76 0.28 3.55 0.001 
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Table A4. Parameters for model of detection at the nest. SE, standard error; SD, standard 
deviation. 
 
Estimate SE Z p 
(Intercept) 6.38 1.60 4.00 <0.001 
Mean Temperature -0.24 0.05 -5.15 <0.001 
Total Precipitation -0.13 0.11 -1.21 0.22 
Maximum Gust Speed (Low) 0.28 0.18 1.52 0.13 
Nestling Age -0.36 0.14 -2.67 0.01 
Site Colonsay 0.47 0.26 1.81 0.07 
Site St. Denis 0.18 0.25 0.72 0.47 
Site Humboldt -0.03 0.25 -0.11 0.91 
SD (Intercept) Box 0.29 - - - 
 
Table A5. Analysis of deviance table (Type II Wald Chi-square tests) for model of detection at 
nest. df, degrees of freedom. 
 
χ2 df p 
Mean Temperature 26.50 1 <0.001 
Total Precipitation 1.47 1 0.22 
Maximum Gust Speed 2.32 1 0.13 
Nestling Age 7.12 1 0.01 













Figure A1. Effect displays for significant effects from model of detection at the nest. Left, 
predictions of the nestling age effect. Right, predictions of mean temperature effect.  
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Table A6. Parameters for model of detection distance from the nest. SE, standard error; SD, 
standard deviation. 
 
Estimate SE t-value p 
(Intercept) 4.83 4.26 1.13 0.26 
Mean Temperature -0.30 0.12 -2.42 0.02 
Total Precipitation 0.31 0.29 1.08 0.28 
Maximum Gust Speed (Low) -0.25 0.50 -0.49 0.62 
Site Colonsay 0.02 0.67 0.03 0.98 
Site St. Denis 0.29 0.68 0.43 0.67 
Site Humboldt -0.97 0.67 -1.46 0.15 
Nestling Age 0.68 0.37 1.84 0.07 
SD (Intercept) Box 0.87 - - - 
SD Observation Residual 1.00 - - - 
 
 
Table A7. Analysis of deviance table (Type II Wald Chi-square tests) for model of detection 
distance from the nest. 
 
χ2 df p 
Mean Temperature 5.88 1 0.02 
Total Precipitation 1.16 1 0.28 
Maximum Gust Speed 0.24 1 0.62 
Site 6.00 3 0.11 
Nestling Age 3.38 1 0.07 
 
 
Figure A2. Effect plot for daily mean temperature effect from model of detection distance from 
the nest. Rug plot along the x-axis indicates realized values for daily mean temperature. 
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Table A8. Parameters for model of sweep-net insect abundance in 2017. SE, standard error; SD, 
standard deviation. 
 
Estimate SE Z p 
(Intercept) 0.72 0.34 2.12 0.03 
Site Type Grassland -0.03 0.48 -0.07 0.95 
Habitat Upland -3.75 0.48 -7.78 <0.001 
Habitat Pond -0.22 0.34 -0.64 0.52 
Period Late -0.35 0.35 -1.01 0.31 
Site Type Grassland : Habitat Upland 3.46 0.65 5.33 <0.001 
Site Type Grassland : Habitat Pond -0.62 0.49 -1.27 0.20 
Site Type Grassland : Period Late -1.17 0.50 -2.33 0.02 
Habitat Upland : Period Late 1.80 0.65 2.77 0.01 
Habitat Pond : Period Late 0.10 0.48 0.21 0.83 
Site Type Grassland : Habitat Upland : Period Late -1.45 0.90 -1.61 0.11 
Site Type Grassland : Habitat Pond : Period Late 1.67 0.70 2.40 0.02 
SD (Intercept) Site 0.34 - - - 
 
Table A9. Analysis of deviance table (Type II Wald Chi-square tests) for model of sweep-net 
insect abundance in 2017. df, degrees of freedom. 
 
χ2 df p 
Site Type 0.01 1 0.94 
Habitat 42.09 2 <0.001 
Period 5.40 1 0.02 
Site Type : Habitat 39.94 2 <0.001 
Site Type : Period 5.65 1 0.02 
Habitat : Period 8.49 2 0.01 
Site Type : Habitat : Period 13.87 2 <0.001 
 
Table A10. Contrasts of model-estimated marginal means for sweep-net insect abundance in 
2017. Model-estimated ratios of geometric means and standard errors are provided on the 
response scale for abundance; tests were performed on the log scale. P-values adjusted using 
Tukey method for comparing a family of 12 estimates. SE, standard error. 
Contrast Ratio SE Z-Ratio p 
Cropland,Margin,Early / Grassland,Margin,Early 1.03 0.50 0.07 1.00 
Cropland,Margin,Early / Cropland,Upland,Early 42.62 20.57 7.78 <0.001 
Cropland,Margin,Early / Grassland,Upland,Early 1.38 0.75 0.60 1.00 
Cropland,Margin,Early / Cropland,Pond,Early 1.25 0.43 0.64 1.00 
Cropland,Margin,Early / Grassland,Pond,Early 2.39 1.15 1.81 0.81 
Cropland,Margin,Early / Cropland,Margin,Late 1.42 0.49 1.01 1.00 
Cropland,Margin,Early / Grassland,Margin,Late 4.71 2.31 3.16 0.07 
Cropland,Margin,Early / Cropland,Upland,Late 9.98 4.28 5.37 <0.001 
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Cropland,Margin,Early / Grassland,Upland,Late 4.43 2.39 2.76 0.20 
Cropland,Margin,Early / Cropland,Pond,Late 1.60 0.55 1.36 0.97 
Cropland,Margin,Early / Grassland,Pond,Late 1.86 0.89 1.29 0.98 
Grassland,Margin,Early / Cropland,Upland,Early 41.29 24.38 6.30 <0.001 
Grassland,Margin,Early / Grassland,Upland,Early 1.34 0.58 0.67 1.00 
Grassland,Margin,Early / Cropland,Pond,Early 1.21 0.59 0.39 1.00 
Grassland,Margin,Early / Grassland,Pond,Early 2.32 0.81 2.40 0.40 
Grassland,Margin,Early / Cropland,Margin,Late 1.37 0.67 0.65 1.00 
Grassland,Margin,Early / Grassland,Margin,Late 4.56 1.65 4.18 <0.01 
Grassland,Margin,Early / Cropland,Upland,Late 9.67 5.31 4.13 <0.001 
Grassland,Margin,Early / Grassland,Upland,Late 4.29 1.82 3.44 0.03 
Grassland,Margin,Early / Cropland,Pond,Late 1.55 0.75 0.90 1.00 
Grassland,Margin,Early / Grassland,Pond,Late 1.80 0.63 1.68 0.88 
Cropland,Upland,Early / Grassland,Upland,Early 0.03 0.02 -5.38 <0.001 
Cropland,Upland,Early / Cropland,Pond,Early 0.03 0.01 -7.28 <0.001 
Cropland,Upland,Early / Grassland,Pond,Early 0.06 0.03 -4.89 <0.001 
Cropland,Upland,Early / Cropland,Margin,Late 0.03 0.02 -7.05 <0.001 
Cropland,Upland,Early / Grassland,Margin,Late 0.11 0.07 -3.69 0.01 
Cropland,Upland,Early / Cropland,Upland,Late 0.23 0.13 -2.64 0.25 
Cropland,Upland,Early / Grassland,Upland,Late 0.10 0.07 -3.55 0.02 
Cropland,Upland,Early / Cropland,Pond,Late 0.04 0.02 -6.81 <0.001 
Cropland,Upland,Early / Grassland,Pond,Late 0.04 0.03 -5.32 <0.001 
Grassland,Upland,Early / Cropland,Pond,Early 0.90 0.49 -0.19 1.00 
Grassland,Upland,Early / Grassland,Pond,Early 1.73 0.73 1.31 0.98 
Grassland,Upland,Early / Cropland,Margin,Late 1.03 0.56 0.05 1.00 
Grassland,Upland,Early / Grassland,Margin,Late 3.41 1.46 2.86 0.16 
Grassland,Upland,Early / Cropland,Upland,Late 7.23 4.32 3.31 0.04 
Grassland,Upland,Early / Grassland,Upland,Late 3.21 1.56 2.40 0.41 
Grassland,Upland,Early / Cropland,Pond,Late 1.16 0.62 0.27 1.00 
Grassland,Upland,Early / Grassland,Pond,Late 1.35 0.56 0.71 1.00 
Cropland,Pond,Early / Grassland,Pond,Early 1.92 0.93 1.36 0.97 
Cropland,Pond,Early / Cropland,Margin,Late 1.14 0.40 0.37 1.00 
Cropland,Pond,Early / Grassland,Margin,Late 3.78 1.86 2.71 0.22 
Cropland,Pond,Early / Cropland,Upland,Late 8.01 3.41 4.88 <0.001 
Cropland,Pond,Early / Grassland,Upland,Late 3.56 1.92 2.35 0.44 
Cropland,Pond,Early / Cropland,Pond,Late 1.28 0.44 0.73 1.00 
Cropland,Pond,Early / Grassland,Pond,Late 1.49 0.72 0.83 1.00 
Grassland,Pond,Early / Cropland,Margin,Late 0.59 0.29 -1.08 1.00 
Grassland,Pond,Early / Grassland,Margin,Late 1.97 0.70 1.90 0.76 
Grassland,Pond,Early / Cropland,Upland,Late 4.17 2.28 2.61 0.27 
Grassland,Pond,Early / Grassland,Upland,Late 1.85 0.78 1.46 0.95 
Grassland,Pond,Early / Cropland,Pond,Late 0.67 0.32 -0.84 1.00 
Grassland,Pond,Early / Grassland,Pond,Late 0.78 0.27 -0.74 1.00 
Cropland,Margin,Late / Grassland,Margin,Late 3.32 1.63 2.44 0.38 
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Cropland,Margin,Late / Cropland,Upland,Late 7.04 3.04 4.52 <0.001 
Cropland,Margin,Late / Grassland,Upland,Late 3.13 1.69 2.11 0.62 
Cropland,Margin,Late / Cropland,Pond,Late 1.13 0.39 0.34 1.00 
Cropland,Margin,Late / Grassland,Pond,Late 1.31 0.63 0.56 1.00 
Grassland,Margin,Late / Cropland,Upland,Late 2.12 1.17 1.36 0.97 
Grassland,Margin,Late / Grassland,Upland,Late 0.94 0.41 -0.14 1.00 
Grassland,Margin,Late / Cropland,Pond,Late 0.34 0.17 -2.21 0.54 
Grassland,Margin,Late / Grassland,Pond,Late 0.39 0.14 -2.62 0.27 
Cropland,Upland,Late / Grassland,Upland,Late 0.44 0.27 -1.36 0.97 
Cropland,Upland,Late / Cropland,Pond,Late 0.16 0.07 -4.29 <0.01 
Cropland,Upland,Late / Grassland,Pond,Late 0.19 0.10 -3.08 0.09 
Grassland,Upland,Late / Cropland,Pond,Late 0.36 0.19 -1.90 0.76 
Grassland,Upland,Late / Grassland,Pond,Late 0.42 0.18 -2.06 0.65 
Cropland,Pond,Late / Grassland,Pond,Late 1.17 0.56 0.32 1.00 
 
Table A11. Parameters for model of sweep-net insect abundance in 2018. SE, standard error; 
SD, standard deviation. 
 
Estimate SE Z p 
(Intercept) 1.36 0.45 2.99 <0.01 
Site Type Grassland -0.15 0.71 -0.21 0.84 
Habitat Upland -2.45 0.51 -4.80 <0.001 
Habitat Pond -0.94 0.45 -2.09 0.04 
Site Type Grassland : Habitat Upland 3.00 0.75 3.99 <0.001 
Site Type Grassland : Habitat Pond 0.90 0.75 1.21 0.23 
SD (Intercept) Site 0.57 - - - 
 
Table A12. Analysis of deviance table (Type II Wald Chi-square tests) for model of sweep-net 
insect abundance in 2018. df, degrees of freedom. 
 
χ2 df p 
Site Type 2.29 1 0.13 
Habitat 8.40 2 0.02 
Site Type : Habitat 15.97 2 <0.001 
 
Table A13. Contrasts of model-estimated marginal means for sweep-net insect abundance in 
2018. Model-estimated ratios and standard errors are provided on the response scale for 
abundance; tests were performed on the log scale. P-values adjusted using Tukey method for 
comparing a family of 6 estimates. SE, Standard Error. 
Contrast Ratio SE Z-ratio p 
Margin,Cropland / Upland,Cropland 11.56 5.89 4.80 <0.001 
Margin,Cropland / Pond,Cropland 2.56 1.15 2.09 0.29 
Margin,Cropland / Margin,Grassland 1.16 0.82 0.21 1.00 
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Margin,Cropland / Upland,Grassland 0.67 0.51 -0.53 0.99 
Margin,Cropland / Pond,Grassland 1.20 0.87 0.25 1.00 
Upland,Cropland / Pond,Cropland 0.22 0.11 -2.95 0.04 
Upland,Cropland / Margin,Grassland 0.10 0.08 -3.06 0.03 
Upland,Cropland / Upland,Grassland 0.06 0.05 -3.55 0.01 
Upland,Cropland / Pond,Grassland 0.10 0.08 -2.93 0.04 
Pond,Cropland / Margin,Grassland 0.45 0.31 -1.14 0.87 
Pond,Cropland / Upland,Grassland 0.26 0.20 -1.79 0.47 
Pond,Cropland / Pond,Grassland 0.47 0.34 -1.05 0.90 
Margin,Grassland / Upland,Grassland 0.57 0.32 -1.00 0.92 
Margin,Grassland / Pond,Grassland 1.04 0.60 0.06 1.00 
Upland,Grassland / Pond,Grassland 1.80 1.20 0.89 0.95 
 
Table A14. Parameters for model of sweep-net insect biomass in 2017. SE, standard error; SD, 
standard deviation. 
 
Estimate SE t-value 
(Intercept) 1.92 0.36 5.40 
Site Type Grassland -1.57 0.50 -3.13 
Habitat Upland -4.40 0.52 -8.47 
Habitat Pond -1.14 0.42 -2.70 
Period Late 0.25 0.42 0.60 
Site Type Grassland : Habitat Upland 4.49 0.73 6.12 
Site Type Grassland : Habitat Pond 1.58 0.60 2.64 
Site Type Grassland : Period Late -0.18 0.60 -0.30 
Habitat Upland : Period Late 1.47 0.73 2.00 
Habitat Pond : Period Late 0.41 0.60 0.69 
Site Type Grassland : Habitat Upland : Period Late -0.91 1.04 -0.88 
Site Type Grassland : Habitat Pond : Period Late 0.06 0.85 0.07 
SD (Intercept) Site 0.27 - - 
SD Observation Residual 0.85 - - 
 
Table A15. Analysis of deviance table (Type II Wald F-tests with Kenward-Roger degrees of 
freedom) for model of sweep-net insect biomass in 2017. df, degrees of freedom. 
 
F df df (residual) p 
Site Type 0.40 1 2 0.59 
Habitat 22.45 2 66 <0.001 
Period 8.26 1 66 0.01 
Site Type : Habitat 30.43 2 66 <0.001 
Site Type : Period 0.80 1 66 0.38 
Habitat : Period 1.93 2 66 0.15 
Site Type : Habitat : Period 0.50 2 66 0.61 
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Table A16. Parameters for simplified model of sweep-net insect biomass in 2017. SE, standard 
error; SD, standard deviation. 
 
Estimate SE t-value 
(Intercept) 1.77 0.30 5.89 
Site Type Grassland -1.66 0.40 -4.11 
Habitat Upland -3.66 0.37 -9.93 
Habitat Pond -0.94 0.30 -3.11 
Period Late 0.54 0.19 2.86 
Site Type Grassland : Habitat Upland 4.03 0.52 7.74 
Site Type Grassland : Habitat Pond 1.61 0.43 3.79 
SD (Intercept) Site 0.27 - - 
SD Observation Residual 0.85 - - 
 
Table A17. Contrasts of model-estimated marginal means from simplified model of sweep-net 
insect biomass in 2017. Estimates and standard errors are provided on the transformed 
(ln(mu+1)) scale for biomass. SE, standard error; df, degrees of freedom. 
Contrast Estimate SE df t-ratio p 
Upland,Cropland - Margin,Cropland -3.66 0.37 71 -9.93 <0.001 
Pond,Cropland - Margin,Cropland -0.94 0.30 71 -3.11 0.03 
Pond,Cropland - Upland,Cropland 2.73 0.37 71 7.39 <0.001 
Margin,Grassland - Margin,Cropland -1.66 0.40 4.47 -4.11 0.07 
Margin,Grassland - Upland,Cropland 2.00 0.46 7.18 4.39 0.02 
Margin,Grassland - Pond,Cropland -0.72 0.40 4.47 -1.79 0.54 
Upland,Grassland - Margin,Cropland -1.29 0.46 7.18 -2.83 0.16 
Upland,Grassland - Upland,Cropland 2.37 0.50 10.37 4.71 0.01 
Upland,Grassland - Pond,Cropland -0.35 0.46 7.18 -0.77 0.96 
Upland,Grassland - Margin,Grassland 0.37 0.37 71 1.00 0.91 
Pond,Grassland - Margin,Cropland -0.99 0.40 4.47 -2.44 0.31 
Pond,Grassland - Upland,Cropland 2.68 0.46 7.18 5.87 <0.01 
Pond,Grassland - Pond,Cropland -0.05 0.40 4.47 -0.12 1.00 
Pond,Grassland - Margin,Grassland 0.68 0.30 71 2.24 0.23 
Pond,Grassland - Upland,Grassland 0.30 0.37 71 0.83 0.96 
 
Table A18. Contrasts of model-estimated marginal means for sweep-net insect biomass by 
sweep period in 2017. Estimates and standard error are provided on the transformed (ln(mu+1)) 
scale for biomass. SE, standard error; df, degrees of freedom. 
Contrast Estimate SE df t-ratio p 
Early - Late -0.54 0.19 71 -2.86 0.01 
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Table A19. Parameters for model of sweep-net insect biomass in 2018. SE, standard error; SD, 
standard deviation. 
Term Estimate SE t-value 
(Intercept) 1.43 0.68 2.12 
Site Type Grassland -0.02 1.07 -0.02 
Habitat Upland -2.41 0.58 -4.19 
Habitat Pond -0.82 0.47 -1.74 
Site Type Grassland : Habitat Upland 2.51 0.87 2.87 
Site Type Grassland : Habitat Pond 0.01 0.74 0.01 
SD (Intercept) Site 1.02 - - 
SD Observation Residual 1.15 - - 
 
Table A20. Analysis of deviance table (Type II Wald F-tests with Kenward-Roger degrees of 
freedom) for model of sweep-net insect biomass in 2018. df, degrees of freedom. 
 
F df df (residual) p 
Site Type 0.29 1 2.99 0.63 
Habitat 5.11 2 42.01 0.01 
Site Type : Habitat 5.01 2 42.02 0.01 
 
Table A21. Contrasts of model-estimated marginal means for sweep-net insect biomass in 2018. 
Model-estimated ratios and standard errors are provided on the response scale; tests were 
performed on the transformed (log) scale. P-values adjusted using Tukey method for comparing 
a family of 6 estimates. SE, standard error. df, degrees of freedom. 
Contrast Ratio SE df t-ratio p 
Margin,Cropland / Upland,Cropland 11.15 6.41 42.00 4.19 <0.01 
Margin,Cropland / Pond,Cropland 2.26 1.06 42.00 1.74 0.52 
Margin,Cropland / Margin,Grassland 1.02 1.09 4.11 0.02 1.00 
Margin,Cropland / Upland,Grassland 0.93 1.03 4.85 -0.07 1.00 
Margin,Cropland / Pond,Grassland 2.29 2.45 4.11 0.78 0.96 
Upland,Cropland / Pond,Cropland 0.20 0.12 42.00 -2.77 0.08 
Upland,Cropland / Margin,Grassland 0.09 0.10 4.92 -2.14 0.40 
Upland,Cropland / Upland,Grassland 0.08 0.10 5.72 -2.14 0.38 
Upland,Cropland / Pond,Grassland 0.21 0.23 4.92 -1.41 0.72 
Pond,Cropland / Margin,Grassland 0.45 0.48 4.11 -0.74 0.96 
Pond,Cropland / Upland,Grassland 0.41 0.46 4.85 -0.80 0.96 
Pond,Cropland / Pond,Grassland 1.01 1.08 4.11 0.01 1.00 
Margin,Grassland / Upland,Grassland 0.91 0.60 42.05 -0.15 1.00 
Margin,Grassland / Pond,Grassland 2.24 1.29 42.00 1.40 0.73 
Upland,Grassland / Pond,Grassland 2.47 1.63 42.05 1.38 0.74 
 
    
 102  
 
APPENDIX B 
Table B1. Summary of eicosapentaenoic acid: arachidonic acid (EPA:ARA) ratios by taxon and 
site. Allan and St. Denis are grassland-dominated sites. Burr and Colonsay are cropland-
dominated sites. Humboldt has roughly equal area of herbaceous vegetation and cropland in the 
sampling area. Trichopteran samples were pooled across the Allan, Colonsay, and Humboldt 
sites. Hemiptera were pooled across all sites, with Humboldt more heavily represented by 
biomass. Lepidoptera were pooled across all sites, with Burr more heavily represented by 
biomass. CV, coefficient of variation; ND, not detected. 
Taxon Site Replicates EPA:ARA Ratio CV 
Trichoptera Pooled 1 7.38 - 
Zygoptera Allan 3 6.09 1.54 
Zygoptera Burr 3 5.85 0.30 
Zygoptera Colonsay 3 7.00 1.08 
Zygoptera Humboldt 3 7.39 1.58 
Zygoptera St. Denis 3 6.01 1.01 
Nematocera Allan 3 4.00 3.96 
Nematocera Burr 2 4.43 0.05 
Nematocera Colonsay 2 2.29 5.68 
Nematocera Humboldt 3 4.72 3.10 
Nematocera St. Denis 2 3.62 3.20 
Brachycera Allan 3 2.06 1.24 
Brachycera Burr 3 2.57 3.64 
Brachycera Colonsay 3 2.86 3.22 
Brachycera Humboldt 3 3.15 2.42 
Brachycera St. Denis 3 1.89 4.66 
Coleoptera Allan 3 0.11 5.30 
Coleoptera Burr 3 1.12 1.50 
Coleoptera Colonsay 1 1.63 - 
Coleoptera Humboldt 3 1.00 4.44 
Coleoptera St. Denis 1 1.15 - 
Orthoptera Allan 3 1.96 6.78 
Orthoptera Burr 1 0.55 - 
Orthoptera Colonsay 1 0.58 - 
Orthoptera Humboldt 1 EPA, ARA ND - 
Orthoptera St. Denis 2 EPA, ARA ND - 
Hemiptera Pooled 3 3.79 5.01 
Hymenoptera Allan 1 3.91 - 
Hymenoptera Burr 3* 2.68 9.25 
Hymenoptera Colonsay 1 ARA ND - 
Hymenoptera Humboldt 2* 7.23 - 
Hymenoptera St. Denis 1 EPA, ARA ND - 
Lepidoptera Pooled 2 ARA ND - 
*ARA not detected in one sample 
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Table B2. Parameter estimates of linear model of log-transformed EPA:ARA ratios by study 
site. SE, standard error. 
 
Estimate SE t p 
(Intercept) -1.64 0.06 -25.96 <0.001 
Site Colonsay 1.04 0.09 11.63 <0.001 
Site St. Denis 0.71 0.09 8.01 <0.001 
Site Humboldt 0.84 0.09 9.66 <0.001 
 
Table B3. Parameter estimates of generalized least squares model of log-transformed plasma 
imidacloprid concentrations by study site. SE, standard error; SD, standard deviation. 
 
Estimate SE t p 
(Intercept) 5.61 0.24 23.36 <0.001 
Site Colonsay -0.88 0.35 -2.52 0.02 
Site St. Denis -1.12 0.48 -2.31 0.03 
Site Humboldt 0.56 0.28 2.01 0.05 
 Standard deviation parameter estimates 
Site Burr Colonsay St. Denis Humboldt 
SD 1 1.06 1.75 0.57 
 
Table B4. Parameter estimates of parametric survival model of plasma clothianidin 
concentrations by study site. SE, standard error. 
 
Estimate SE z p 
(Intercept) 3.07 0.20 15.64 <0.001 
Site Colonsay 0.70 0.28 2.51 0.01 
Site St. Denis -1.31 0.33 -4.02 <0.001 
Site Humboldt 0.35 0.29 1.19 0.23 
Log (scale) -0.43 0.13 -3.37 0.001 
 
Table B5. Parameter estimates of linear mixed-effects model of nestling body mass. SE, 
standard error; SD, standard deviation. 
 
Estimate SE t 
(Intercept) -6.64 3.37 -1.97 
Head-bill 1.12 0.12 9.72 
Brood Size -0.09 0.21 -0.44 
EPA:ARA Ratio 2.28 1.07 2.12 
Total Neonicotinoids 0.00 0.00 -0.74 
SD (Intercept) Box 0.99 - - 
SD Observation Residual 1.13 - - 
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Table B6. Analysis of deviance table (Type II Wald F-tests with Kenward-Roger degrees of 
freedom) for linear mixed-effects model of nestling body mass. df, degrees of freedom. 
 
F df df (residual) p 
Head-bill 93.67 1 243.28 <0.001 
Brood Size 0.19 1 39.49 0.66 
EPA:ARA Ratio 4.51 1 38.99 0.04 
Total Neonicotinoids 0.55 1 40.76 0.46 
 
 
